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PREFACE 


The purpose of this work is to present within a reasonable 
compass the facts and principles needed for a sound foundation in 
Inorganic Chemistry. The book contains two concurrent courses. 
The matter in larger type is that which an intelligent student might 
be exjxjcted to study in his first year or eighteen months after 
matriculation ; the matter in smaller type is supplementary to this 
and is required by the University Scholarship candidate and second* 
year University student. 

The book is arranged in accordance with the Periodic Table. 
Copious cross-references enable any other order to be taken if pre- 
ferred. The first eight chapters deal w ith the fundamental principles 
of chemistry and with the Physical Chemistry required for an under- 
standing of an inorganic course. These are not intended to present 
a complete student’s course of Physical Chemistry, but rather to 
afford a ready means of reference to an explanation of the theory 
of such common phenomena as hydrolysis, reversible reactions, 
fractional distillation — to name a few of the topics dealt with. 

I wish to express my gratitude to Dr. Charles Singer for his kind- 
ness in reading the manuscript of the first chapter of the book. My 
thanks are also due to Dr. P. M. Brewer and Mr. J. T. Lemon, who 
have given me most valuable advice and assistance ; to Mr. H. 
Pocock, laboratory assistant at Repton School, to whom I owe the 
photographs reproduced as Plates XI. and XIII. ; to Messrs. 
Electrolux, Ltd., and to the British Oxygen Co., for valuable 
information and for permission to use diagrams ; to Mr. H. Wren, 
who redrew the majority of the line illustrations, and to Mr. Q. 
Maokay, of the Royal Geographical Society, for the maps which 
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appear as endpapers ; and to the following for kind permission to 

reproduce illustrations, etc. : — 

The Director of the Natural History Museum, South Kensington, for 
Plates IV.-^IX. and XIV.-XV. 

The MineraJogical Magazine, for Plate Xa. 

The Trustees of the Ashmolean Museum, for Plate I. 

Dr. P. M. S. Blackett and Messrs. George Boll & Sons, Ltd., for 
Plate XIX. 

Messrs. Charles Griffin & Co., Ltd., for Plates XVII.-XVIII. (from 
Roberts -Austen’s Introduction to the Study of Metallurgy. 

The Chemical Society, for the Revised Table of Atomic Weights 
appearing on pp. 175-177 and 815 . 

Messrs. Edward Arnold & Co., Ltd., for Fig. 5(), from Aston’s 
Isotopes, and Fig. 178a, from Morgan and Pratt’s British 
Chemical Industry. 

Messrs. Griffin & Tatlock, for Fig. 91. 

Messrs. Longmans, Green & Co., Ltd., for Figs. 120, 121 and 153, 
from Thorpe’s Dictionary of Applied Chemistry, and Fig. 11, 
Vol. X., from Mellor’s Comprehensive Treatise of Inorganic and 
Theoretical Chemistry. 

Messrs. John Murray, for Fig. 200, from Russell’s Chemistry of 
Radio-Active Substances. 

The Society for the Promotion of Hellenic Studies, for Figs. 1 and 2. 

The Journal of the American Chemical Society, for Fig. 172. 


PREFACE TO THE SECOND EDITION 

In presenting a second edition of this work, the author wishes tQ 
acknowledge with gratitude the assistance of numerous correspon- 
dents who have pointed out slips and numerical errors, which had 
escaped his notice in reading the proofs of the first edition. It is 
hoped that the correction of these will give the book an additional 
value 


F. S. T, 



PREFACE TO THE THIRD EDITION 


Although only four years have passed since the first appearance 
of this work, the progress in Inorganic Chemistry has been such as 
to render necessary many additions and alterations. 

Not only has new and important knowledge been added to the 
Science, but the progress of time has rendered so much more 
prominent certain theoretical aspects that greater emphasis has 
had to be laid upon them. 

It is hoped that the usefulness of the book has been increased 
without taking away from its clearness of treatment. 

F. S. T. 

Queen Maby College, 

University of London, 1935 . 


PREFACE TO THE FOURTH EDITION 

The opportunity has been taken to add notcvS on a few new 
developments, among which may be mentioned the structure of 
the carbonyls, the softening of water by metaphosphates, and the 
composition of bleaching powder ; new work on rhenium and 
protoactinium, and on certain new compounds such as nitrogen 
trioxide, sulphur tetroxide, and argentic fluoride. 

F. S. T. 

Queen Maby College, 

University of London, 1938 . 
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PREFACE TO THE FIFTH EDITION 


In this, the fifth edition, the accounts of industrial processes 
have been revised, in order to bring them as nearly as possible 
into conformity with modern practice. The theory of the complete 
dissociation of strong electrolytes has also been adopted in the 
theoretical portion of the work. 

F. S. T. 


PUBLISHERS’ NOTE 

The extensive revision involved would have necessitated a 
substantial increase in the published price of this book if, instead of 
resetting it, we had not arranged wherever possible to insert the 
necessary material. We accordingly ask the indulgence of the 
reader both for the occasional re-numeration of pages and figures, 
and for the provision of certain portions of new or greatly revised 
text as insertions, believing that this would meet with general 
approval, whereas a large increase in the price of a now standard 
work would not. 
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INORGANIC AND THEORETICAL 
CHEMISTRY 


CHAPTER I 

THE EARLY HISTORY AND METHOD OF CHEMICAL 

SCIENCE 

CHEMISTRY AS A BRANCH OF NATURAL SCIENCE 

1. The Meaning of Science 

Natitkal science is the process of systematically arranging and 
classifying man's knowledge of the world about him. Each of us 
in his everyday life and in his profession observes a vast number of 
facts ; that is to say, he receives a great number of impressions on 
his senses of sight, hearing, touch, etc. ; these he stores in his 
memory and they form his stock of knowledge. The accmnulation 
of facts collected in books and in the minds of men constitutes 
knowledge, but by no means necessarily science. Many who are not 
chemists have a considerable knowledge of chemical facts ; they 
know that sulphur is yellow, that salt is insoluble in benzene, that 
phosphorus poisotis rats, that sodium bums in chlorine forming 
common salt, and so forth. Just as bricks are not a house, so these 
isolated facts are not Chemistry or Natural Science. None the less, 
as a house cannot be built without bricks, so a science cannot be 
constructed except on a basis of facts. 

The first step in the formation of a science is the collection of 
undoubted facts relating to its subject. At this point the philo- 
sophers often raise difficulties. 

Certain schools of philosophy say with reason that we cannot 
have any real knowledge of what a material thing is li^e or how it 
behaves, because the impressions on our senses from which we con- 
struct our knowledge are influenced by the nature of our organs of 
sense. Thus we all agree that sulphur is yellow, and it is exceod- 
ingly probable that sulphur looks much the same to all of us, since 
as far as we can tell we all have the same kinds of eyes and brain. 
But suppose a million Martians with a totally new kind of eye came 
to the earth ; we should hardly expect them to get the same eye 

T.O. t « 
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sensation from the sulphur. Who could decide what colour sulphur 
was if we thought it yellow and these Martians thought it something 
difiFerent ? Clearly then we do not know what sulphur, the thing in 
itself, is like or even whether it really exists at all. We only know 
what effects it has on our senses. ^ 

None the less, this last is the thing that matters. Eor practical 
purposes we want to know what sulphur seems to be like and not 
what it is really like. It is only when we get to fundamental ques- 
tions like the properties of four-dimensional space-time and the 
behaviour of electrons that we begin to feel that certain things, 
which appear to us to be true because they ‘ work,’ are inconceivable 
through the imperfection of our senses. The knowledge that our 
‘ facts ’ are founded on preceptions, which must themselves be 
influenced by the eye which perceives or brain which registers, makes 
us rely for the ground-work of science on the kind of perceptions 
which are as little as possible influenced in this way. A measure- 
ment with. ,a balance, thermometer, scale, galvanometer, etc., 
depends only on the perception that two objects (e.g., a pointer and 
a mark on a scale) coincide. Consequently such measurements 
vary very little with the observer. If the fact to be observed is a 
perception of colour or smell, much more doubt is introduced. The 
relative brightness of two sources of light, as in a photometer, is a 
matter over which two observers will differ. Modem science, how- 
ever, has invented an ‘ electric eye * ^ in which the light causes a 
current to flow proportional to its intensity, which current is read off 
on a galvanometer scale. The tendency of science is to reduce all 
measurements to such as may be read off on a scale, thus eliminating 
differences between observers. 

A mass of facts, however reliable, is not a science. The Natural 
History of Pliny (c. 70 a.d.) contains a great accumulation of facts 
about natural phenomena, but contains no science, for the know- 
ledge it embodies is lacking in any reasoned arrangement. It is only 
when facts are linked together by ideas, theories and natural laws, 
in such a way that they can be looked at as a whole and can take 
their place in the vast pattern of Nature, that a science is formed. 

2. The Methods of Science 

How, then, is a science to be built up ? Facts are first collected 
and iheir reliability is ascertained. The science of ancient times and 
of the Middle Ages was greatly hampered by lack of this latter 
precaution. Assertions were handed down, and, even if they were 

^ Consisting of a piece of metal, such as rubidium, fixed in a vacuum tube 
furnished with electrodes. Light, shining on the metal, causes it to emit ions 
which carry a current proportional to their number. 
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not always believed, no attempt was made to rely only on those 
facts which could be tested. Probably, even in the Middle Ages, 
few people believed the story that the eagle was so hot that it cooked 
its own eggs by sitting on them, unless it had taken the precaution 
of placing in its nest the stone aetites, which was veiy cold by nature. 
None the less, serious authors reported the story and handed it on 
in succession. Our complaint should not be that people did not 
reject this story as improbable, for many genuine facts might seem 
even less probable. The mediaeval philosophers would not have 
gained by mere disbelief. Doubtless, such stories were, in fact, 
rejected by many sensible people, but the regrettable fact remained 
that knowledge was not tested by seeing for oneself. 

To-day a problem is investigated by experiment. A man of 
science discovers a set of new facts. He publishes them, giving 
every detail which will enable his fellow- workers to test their truth. 
On these facts he usually founds a hypothesis ; that is to say he 
puts forward an explanation or general principle which connects all 
these facts. If other men of science are interested in the work, they 
will repeat it and so test the facts for themselves. The hypothesis 
is next tested by using it to predict what will happen under certain 
conditions which can be produced experimentally. If actual 
experiments then show that these predictions are correct, the 
belief that the hypothesis represents a scientific truth is confirmed. 

In time, if the hypothesis survives these tests, it is dignified by the 
name of a Theory and forms an important part of the fabric of the 
science. If this theory is finally so thoroughly tested as to be 
practically beyond doubt, and if at the same time it can be set out 
as a concise statement of facts, it is called a Law. As an example 
we may take the belief, put forward by Avogadro and founded on a 
series of facts connected with the volumes and weights of gases, that 
“ equal volumes of gases contain equal numbers of molecules under 
the same conditions of temperature and pressure.” For many 
years, while the defects in atomic weights hindered the perception 
of its value, chemists rightly spoke of Avogadro’s hypothesis ; then, 
as its remarkable power of accounting for and predicting facts 
became clear, they termed it Avogadro’s Theorem ; and finally, 
now that actual physical experiment has proved its truth to the hilt, 
we speak of Avogadro’s Law. 

A hypothesis is a guess or deduction, which, if true, will account 
for a set of facts. A theory is a hypothesis which is apparently well 
confirmed, and a law is a concise statement covering a wide range of 
facts and so well confirmed as to be practically beyond doubt. 

There is, of course, a complete dissimilarity between the legal and 
the scientific uses of the word * law.’ A law in the legal sense is a rule 
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of conduct laid down by a powerful intelligent being or group of 
beings as a guide which the less powerful are compelled by their 
sense of duty, shame or fear to obey. A scientific law is a statement 
that certain phenomena have occurred in a certain way so often that 
it is extremely probable that they will continue to do so. The use 
of the word ‘ law * does not imply that natural phenomena must 
obey natural laws. An apple does not fall because it has a respect 
for the law of gravitation, which indeed exists only in the minds of 
men. 

3. The Divisions of Natural Science 

Natural science forms a coherent whole, but is artificially divided 
into departments for the purpose of study. The chief departments 
of Natural Science are the following : — 

1. Physics, which deals with the properties common to matter in 

general and with the various manifestations of energy and 

their transformations. 

2. CHEmsTRy, which deals with the composition and properties 

of the different kinds of matter. 

3. Biology, which is concerned with the phenomena peculiar to 

living things. 

4. Astronomy, which deals with the structure and motions of 

the universe and the chemistry and physics of matter out 

side our planet. 

5. Geography and Geology, which deal with the structure of 

the earth. 

All the minor sciences fall under one or more of these headings. 
Mathematics and Logic are not to be considered as sciences, but 
rather as methods of classifying and investigating the facts presented 
by other sciences. 

THE HISTORY OF CHEMISTRY 

4. Chemistry before the Arabs 

Chemistry as a science is but a modern growth. Before the 
seventeenth century of the Christian era it can hardly be said that 
any effective and systematic attempt had been made to study the 
properties and constitution of matter. Yet, although Chemistiy 
as a science is but recent, Chemistry as a craft is of great antiquity. 
Chemical operations, distillation, evaporation, crystallisation, fil- 
tration, precipitation and the preparation of substances in a state 
of purity, were used in technical processes and in the pseudo-science 
of Alchemy, long before the science of Chemistry came into being. 

It is impossible to say where and when the chemists* craft besan. 
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The compounder of drugs, found in most primitive communities, 
has since the remotest times practised a simple kind of chemistry, 
purifying and concentrating the active principles of plants by 
extraction with boiling water, filtration through cloths and evapora- 
tion. The primitive worker in metals, too, practises a crude type 
of chemistry in his processes for extraction and purification of 
metals. 

Perhaps we may find the earliest trace of anything allied to a 
science of chemistry in the works of the Greek philosophers. Such 
men as Democritus, Thales and Aristotle were in no way practical 
chemists, but they attempted to form an idea of the nature of 
matter by considering.such phenomena as evaporation, putrefaction, 
growth and decay. 

The atomic theory of Democritus (c. 400 b.c.) and the four- 
element theory of Aristotle (384-322 b.c.) were attempts to explain 
the nature of matter. They differed, however, from our modem 
theories by being based on a very small measure of fact coupled 
with a great deal of philosophical theory. The four-element theory 
of Aristotle held the field for nearly 2,000 years. Its long continu- 
ance was due, probably, to the fact that it was vague enough to be 
stretched to explain, after a fashion, almost any set of facts and, 
while it could not be proved, it was extremely difficult to disprove. 
The theory held that all matter consisted of a sort of ‘ prime matter * 
which was essentially matter divested of all its properties. On 
this ‘ prime matter ’ were superimposed the “ elements,’^ earth, 
air, fire and water, which we should to-day call the qualities of 
“ earthiness, airiness, fieriness and wateriness.’’ Earth represented 
the qualities of coldness and dryness ; water, coldness and wetness ; 
air, hotness and wetness ; fire, hotness and dryness. The varied 
qualities of the different kinds of matter were believed to result from 
differences in the proportions of the “ elements ” contained in them. 
No real system of chemistry was or could be built up on such 
a vague theory. In Pliny’s famous Natural Historyy written 
about 70 A.D.., we find a great many practical chemical processes 
described. The metals, their ores and simple products, and such 
salts as soda, common salt, alum, iron sulphate, white lead, copper 
sulphate, are clearly described and the methods of preparing them 
are explained. The work is, however, essentially a description of 
the industries carried on by the Romans and makes no attempt to 
set apart chemistry as an art or science. 

In the works of a number of authors who lived in Alexandria and 
other towns of Egypt during the first three centuries of the Christian 
era, we find the first sources of the traditions of chemistry and 
alchemy. These authors are the first to speak of the * Sacred and 
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Fio. 1.— These Drawings illustrate Types of Apparatus for Vistula, 
tion and Sublimation used by the Greek Alchemists m the first 
Seven Centuries of the Christian Era and closely resembling that used 
in Chemical Work up to the close of the Eighteenth Century. 

(MS. Paris, gr. 2327, f. 81.) 

Divine Art,’ later called by them ‘ Chemia ’ or ‘ Chymeia.’ a name 
transformed by the Arabs into the word we now use in the form 
of ‘ Alchemy.’ This ‘ Sacred and Divine Art, * was not, it is true, 
a science of chemistry, but rather a set of methods for making 
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Fig. 2. — ^The Serpent ‘ Ouroboros * (the Tail-eater) was a 
Symbol denoting at once the Unity of Matter, and the ‘ Circula- 
tory * Type of Alchemical Process practised in certain Types of 
Alchemical Apparatus, (MS. Paris, gr. 2327, f. 196.) 

gold, silver, purple ^ and precious stones. The works of these 
authors contain hundreds of recipes intended to produce gold or 
silver ; some of them represent deliberate debasement and falsifica- 

^ The dye derived from the murex shell -fish and greatly valued by the 
ancients. 
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tion of precious metals, others serious and systematic efforts to make 
them artificially. This tradition of metal working, the beginning 
of alchemy, was probably derived from the secret knowledge of 
the Eg 3 ^tian priesthood, from which also may be derived the 
strange mixture of practical metallurgy with magical and super- 
stitious beliefs which we always find in alchemy. These early 
alchemical authors introduce us to almost all the simple pieces of 
chemical apparatus. The distillation apparatus is described by an 
author of the third century a.d., and the illustration (Fig. 1), taken 
from a Greek MS. copied in the Middle Ages, shows it to be very little 
different from that used to-day. The flask, basin, stillhead, receiver, 
})estle and mortar, crucible and furnace, water bath and sublima- 
tion apparatus were all brought into use in the first three centuries 
of the Christian era. Very little which is authentic is known about 
the inventors of these early types of chemical apparatus, but 
perhaps ‘ Mary the Jewess,’ who lived in Egypt in the first century 
A.D., is to be regarded as the inventor of the distillation apparatus 
in its improved form,^ of the water-bath (still called Bain-marie in 
France), and of the various types of sublimation apparatus. 

These early authors who wrote voluminously on alchemy in 
Egypt and Byzantium in the first seven or eight centuries of the 
Christian era did not bring about much advance in our chemical 
knowledge. . It appears likely that only one or two of the earliest 
authors, such as Mary the Jewess, Democritus ^ and Zosimus (third 
century) were practical alchemists with experience of the laboratory 
and its difficulties. The later Alexandrian and Byzantine authors 
were content to theorise about alchemy without practising it ; 
moreover, even the most practical of these Greek alchemists were 
so much interested in making gold that they omitted to mention 
anything which did not seem to them to be relevant to the making 
of precious metals. Thus very few of the chemical discoveries they 
undoubtedly made have been recorded. 

5. Chemistry under the Arabs 

It is fairly certain that the Aral^ who rose to power in the seventh 
century a.d., first gained their knowledge of alchemy, directly or 
indirectly, from the Byzantine authors’ works. The Arabs were, 
however, a more practical race than the Greeks, and alchemy under 
them made considerable strides. The discovery of sulphuric acid, 
nitric acid, aqua regia, silver nitrate, borax and corrosive sublimate 
are possibly, though not certainly, to be attributed to them ; and 

^ Distillation was known to Aristotle (384-322 b.c.). 

* Not the Democritus of the Atomic theory, who died some 400 years 
earlier. 
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though the Arabs were not the originators of the eh(‘niical methods 
and traditions, they undoubtedly used tliem in such a way as to 
increase the world’s knowledge^ of chemical substances. They made 
little, if any, advance in our knowledge of the nature, of chemical 
c‘hanges, but tlu'y prepan'd tbe way for ix^al chemistry by the dis 
covery of new substances, iji ])articular tlu^ mineral acids, the lack 
of which had prevented any very extensive develojmu'ut in ])iactical 
chemistry. The nujst imj)ortant of the Aral) alch(‘mists was Geber 
(Abu JMusa Jabir ibn Hayyan) 7(12-700 a.d. Tlu're is considerable 
doubt as to which of the many works attributed to (Jt'ber were 
actually written by him, and consequently there is also some dotd>t 
as to the dating of many of these early and im])ortant discoveries. 
Other notable Arab alch(‘mists W(‘r(‘ iraepd IHiazes (r. 025) and 
Avicenna ( 980-1 0117 ) . 

The knowledge acquired by th(‘ Arabs was gradually haiuh d on 
to the European ])eo])l(s <iuring tbe thirteenth and fourtevnth 
c<'nturics, and the alchemist, hardly known in Western Europe 
b(‘fore this time, ra})idly becomes an im])ortant figure. Th(‘ work 
of the Arabs was carri(‘d on by siu‘h men as Albert (h*oot (AlbtTtus 
Magnus) 1198-1283 a.d., Roger Raeon (c. 1250) and Arnald de 
Villanova. Raymond Lully (b. 1224 a.d.) apparently brought about 
furtluT notable advam^es. The discovery of th(‘ method of making 
pure alcohol, the action of acids u])on metals, and the? ])reparation 
of ^ red and while precipitate’ “ are numtioned in his works, but 
there is some doidjt whether tluse discov(*ries are not latt'r work 
falsely attributed to him. 

At this period, as imh^cd at all others, trickcuy was common 
(‘iiough and a great number of fraudulent alchemists liv(*d by their 
art, relying on a faked diunonstration of their power to draw^ from 
wealthy patrons motley for furthcT experiments which were never 
carried out or which proved unsuccessful. Alch(*my fell thus into 
somt^ disrejiute, of which Chaucer’s ('hanoune’s Yeoman’s Tale ” 
is an amusing witness. 


6. Chemistry in the Renaissance Period 

In the early part of the vsixteenth century there was great activity 
in smelting and metallurgy, especially in the mining districts of 
Bohemia. This l:'d to the industrial manufacture of acids, and 


^ A translation of* oih^ of his works hy Ur. E. J. Hohnyard has been pub- 
lished and is one of the h'w reliable translations of an Arabic alchemical 
work. 

^ Mercuric oxide and ainino-mercurie chloride. 
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also to the development of the assaying of ores, which was the 
foundation of chemical analysis. Agricola (Georg Bauer, 1494- 
1555) and Lazarus Erckerii have left interesting accounts of the 
mining, metallurgy and technical chemistry of the time. This 
industrial chemistry was, of course, far more practical in character 
than alchemy. 

A new direction was now given to chemistry by the work of 
Paracelsus. This man, whose real name was Philip Aureolus 
Theophrastus Bombast von Hohenheim, was a strange compound 
of genius and charlatan, and gave the world some ideas of genuine 
value wrapped up in a vast amount of verbiage and mysticism. 
His chief distinction w^as that he urged the value of mineral substance 
as medicines and directed the attention of chemists to other ends 
than the preparation of gold. He and his followers introduced 
the strangest mystical doctrines, believing all matter to be animated 
by spirits, sylphs,^ juxies, gnomes and salamanders, who inhabited 
air, water, earth and fire respectively. Some of his followers were 
less grossly imbued with superstition, and Libavius and van Helmont, 
who lived in the latter part of the sixteenth century, come nearer 
to tho type of the modern chemist. The former discovered the 
liquid stannic chloride and wrote a work Alchymia, which is clearer 
and more straightforward than any of those of his predecessors. 
Van Helmont, though somewhat superstitious and credulous, was 
a man of a true experimental spirit. He is perhaps most to be 
remembered for his invention of the word gas, and his study of 
certain gases, notably carbon dioxide. He recognised the gas 
found in old wells and caverns as being identical with that formed 
by fermentation and by the action of acids upon calcareous rocks. 
The alchemist, Basil Valentine, who purported to have lived in 
the latter part of the fifteenth century, describes a great number of 
new facts. His works are, however, actually a good deal later in 
date, for they were first published at the beginning of the seven- 
U^uith century and seem to belong to that period. They mention a 
great many facts about antimony and its compounds and describe 
a considerable number of other metallic compounds. Glauber 
(1604-1668) is best knowm to-day for his discovery of sodium 
sulphate — Glauber’s salt — and its medicinal value. 

During the period between the Greek alchemists (c. 300 A.n.) and 
Glauber (c. 1600 a.d.) chemical theory had made little or no pro- 
gress. The Greeks held the four-element theory of Aristotle as 
explaining the constitution of all chemical substances. The author 

^ The word sylph was invented by Paracelsus. Its derivation is 
unknown. 
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of the Latin works ascribed to Geber (thirteenth century) thought 
of the metals as constituted of two elements, sulphur and mercury. 
Th€^se were not to be considered as the ordinary substances of those 
names but rather as the qualities of fieriness and colour (sulphur) 
and liquidity and metallic character (mercury). To these two 
elements Paracelsus added ‘ salt ’ as the quality of earthiness, 
astringency, etc. These theories, together with the four-element 
theory of Aristotle, held the field throughout the long period we have 
discussed and, indeed, were not extinct until the time of Lavoisier. 
They were too vague to be capable of disproof, nor indeed was 
any attempt at disproof compatible with the temper of the times. 
It was not until the seventeenth century that a spirit of scepticism 
arose which led men to question the grounds for the beliefs they 
held. The spirit of alchemy had always been akin to that of religion, 
a humble attitude to great men of the past who had once known 
the secrets of nature. A failure to understand the works of these 
men was attributed by the disciple to dullness on his own part, 
not to the ignorance, incorrectness or even muddle-headedness of 
the ancient authors he studied. 

In the sixteenth and seventeenth centuries there arose a new 
spirit wkich manifested itself in the questioning of the foundations 
of belief. The geography of the ancients was disturbed by the 
discoveries of the western continents ; Copernicus and Galileo upset 
the ancient notions of astronomy, and the questioning of the 
foundations of religion by a hundred reformers uprooted the minds 
of the many from a slavish belief in the infallibility of the past. 
Chemistry was one of the last of the departments of knowledge to be 
reconstituted as a science, and the reason for this tardiness was the 
fact that without a technique of measurement, which was not to be 
developed for many years, none of her fundamental laws could be dis- 
covered. Bacon and Boyle had to clear the ground of weeds before 
Priestley and Scheele could sow and Lavoisier and Dalton reap. 

7. The Works of Francis Bacon 

The founder of modem science must be considered to be Francis 
Bacon. In his Novum Organum, published in 1620, he laid down 
what he believed to be the true method of gaining knowledge. 
Francis Bacon, Baron Verulam, Viscount St. Albans (1561-1626) 
was from his youth struck by the inadequacy of the Aristotelian 
philosophy in its application to the sciences. He saw that man’s 
knowledge of Nature was unsystematic and therefore ineffective. 
He considered that what we should to-day call science, should not 
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bo a mere knowledge of facts but should seek for the imferium 
hominisy that mastery of man over nature which the scientific 
w^orker of the last three centuries has gone so far to achieve. To 
his mind, the nature and first principle of things were not 
particularly important. He foreshadowed the point of view of 
the modern scientist who is not interested in the metaphysical 
question of what a thing is, but rather the practical question of 
what it does. 

Bacon proposed a new way of investigating scientific problems. 
The first step was to be the collection of facts directly observed and 
freed as far as possible from personal prejudices and errors of 
observation. These facts were to be observed and surveyed without 
any attempt to fit them into a preconceived scheme or philosophy, 
and from the likenesses and differences of these facts, “ notions ” 
or conceptions of common properties and laws were to be 
formed. 

This inductive method of collecting instances of a phenomenon is 
Bacon’s great contribution to science. It is true, however, that the 
inductive method is rarely consciously used in science, but it lies at 
the root of all scientific thinking. Bacon’s influence was not so 
much that he procured the use of this new method of investigation, 
but that he brought out the value of observation and the collection 
of facts, and pointed out the dangers of trying to fit observations 
into preconceived theories. 

He struck a blow too at the Aristotelian philosophy, a blow which 
rendered it easier for Robert Boyle to lay down a sound foundation 
for modern chemistry. 

8. The Foundation of Modem Chemistry 

The greatest contribution of Robert Boyle (1627-1691) to 
chemistry was the principle that the “ elements ” or first principles 
of which matter w^as composed were not to be limited to three as by 
Paracelsus or to four as by Aristotle. Boyle revived the atomic 
hypothesis which had been held by Democritus and Lucretius and 
at intervals by other philosophers, and showed its value in explaining 
chemical changes. He was the first to give the word “ element ” 
its modern meaning of a substance not further to be analysed into 
simpler substances, and w^as the first to bring out the distinction 
between elements, compounds and mixtures. His work. The 
Sceptical Chymist, may be taken as the first document of modern 
chemistry. Boyle also distinguished himself in physics ; his work 
on the relations between the pressure and volume of gases being 
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particularly well kriow7i. The character of Boyle’s writings, his 
clearness and freedom from the obscurity and superstition of the 
alchemists, did much to redeem the study of chemistry from the 
questionable character some of the mediaeval alchemists had given 
it — an aroma such as clings round astrology and fortune-telling 
to-day. 

In Boyle’s owm w^ords we may say of the alchemists : — 

“ A person anything vers’d in the Writings of Chymists cannot but 
discern by their obscure, ambiguous, and almost Aenigmatical Way of 
expressing what they i^rotend to Teach, they have no mind to be under- 
stood at all, but by the Softs of Art (as they call them) nor to be under- 
stood even by these without Difficulty and Hazardous Tryalls. Inso- 
much that some of Them Scarce ever speak so candidly, as when they 
mak(^ nse of that knowm Chymical Sentence : Ubi palam locuti sumus, 
ibi nihil diximua.^' ^ 

To the remarkable and apparently fabulous statements of 
alchemical authors and some of the stories retailed by the 
more credulous of his ow^n time, Boyle was wont to say simply 
that : — 

“ He that hath seen it hath more Reason to beloove it, than he that 
hath not.” 

a perfect statement of the scientific attitude to evidence. 

Robert Boyle founded the science of chemistry and made of it the 
study of the nature and composition of matter instead of, as before, 
a mere means of preparing medicines or making gold. 

Between 1660 and 1675 three Englishmen of science, Robert 
Boyle, Robert Hooke and John Mayow, carried out what may be 
called the first extensive chemical research. The air-pump was 
invented in 1654. Robert .Hooke (1635-1703), who was a man of 
much experimental skill, devised an improved air-pump, and with 
this he and Boyle established the fact that combustion could not, 
in general, take place without the presence of air. Nitre seemed 
to act in the same way as air, for it was known that gunpowder 
would burn without access of air and Boyle showed it would burn 
even in a vacuum. Hooke realised that when combustion took 
place, the combustible in some sense dissolved in the air (as a 
metal dissolves in an acid) : he considered that air and nitre had 
a common constituent. John Mayow, in his work published in 
1674, went still further. He showed clearly that in combustion 
only a part of the air was used up, this being the constituent 

^ Where we have spoken openly, we have said nothing of importance. 
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common to nitre and air. These men, then, almost reached the 
true view of combustion, namely that the combustible combines 
with the oxygen in the air and leaves the nitrogen unaffected. 
Tf they had prepared pure oxygen their case would have been 
irresistible, but, as it was, their theories were displaced by one 
which was much farther from the truth — ^that of the fiery principle 
phlogiston. 

On the Continent, Kunkel (1630-1702), whose share in the dis- 
covery of phosphorus is mentioned in Chapter XVIII. of this 
book, did something of the same work as Boyle, in helping to free 
Chemistry from the alchemical beliefs and superstitions. 

Modern chemistry was now fairly launched, but before any clear 
view of chemical phenomena could be attained it w as necessary that 
the nature of air, of w ater and of combustion should be understood ; 
and these studies were not brought to a satisfactory conclusion until 
the close of the eighteenth century. 


9. The Phlogistonists 

Stahl (1600-1734), who developed the Phlogiston theory of com- 
bustion, originated by Becher, was the most important chemist of the 
(^arly eighteenth century. The theory, though erroneous, was not 
valueless, for it afforded a means, previously lacking, of classifying 
and explaining chemical facts. Stahl put forward a theory that 
a substance phlogiston (= fiery matter) was present in all com- 
bustible bodies and that combustion was a release of phlogiston. 
Thus Stahl believed that, when lead was heated, the consequent 
change to a yellow powder (litharge, lead oxide) was due to the loss 
of the phlogiston originally contained in the metallic lead. The 
subsequent change of the yellow litharge to ^ red lead * he regarded 
as a further loss of phlogiston. The theory explained a certain 
number of facts, such as the preparation of metals by smelting. 
Thus if lead which had lost phlogiston (lead oxide) ware heated with 
a substance such as carbon or wood, which was combustible and 
therefore contained much phlogiston, the phlogiston of the carbon 
returned to the ‘ dephlogisticated * lead (lead oxide), thus forming 
ordinary lead. If we substitute for ‘ phlogiston ’ the words ‘ absence 
of oxygen ’ the explanations of the phlogistonists become true. 
The theory is in fact a kind of negative method of expressing the 
true facts about combustion. The theory broke down, however, 
as soon as any quantitative means of testing it were applied. 

It is remarkable that in spite of the teaching of Bacon and of 
Boyle, few if any attempts were made to test the truth of the 
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phlogiston theory by experiment. The theory had from the first 
obvious weaknesses. It did not explain the well-known fact that 
air was needed for combustion. Attempts were made to say that 
space was needed into which the phlogiston from the burning body 
might escape or that the air became ‘ saturated ’ with phlogiston, but 
these explanations were hardly such as would satisfy a critical spirit. 

The death-blows of the phlogiston theory were the discovery of 
oxygen and the general recognition of the fact that the products of 
combustion were heavier than the combustible body. Loss of 
phlogiston could only make the combustible substance lighter, 
unless the very improbable view were taken that phlogiston had a 
negative weight. 

The eighteenth century saw a great increase in the number of 
chemical substances known. In Sweden, Carl Wilhelm Scheele 
(1742-1786), though he contributed nothing to chemical theory, 
discovered a great number of chemical substances, including 
chlorine, hydrofluoric acid, arsenic acid, lactic acid, oxahe acid, 
citric acid, tartaric acid and several other organic acids. He 
investigated the nature of manganese, barium hydroxide, hydrogen 
sulphide and arsine. This list of his discoveries is far from com- 
plete, and Scheele must be regarded as the pre-eminent discoverer 
in chemistry. 

Joseph Priestley, in England (1733-1804), perfected the apparatus 
for handling gases which had previously been used by Stephen 
Hales (1677-1761), and by means of it carried out the first extensive 
study of gases. Priestley was no theorist, but rather a most capable 
investigator. He studied the different kinds of gases by the use 
of the pneumatic trough and other apparatus which he invented ; 
and in this way he discovered, or at least prepared in a pure state 
for the first time, the gases oxygen, nitric oxide, hydrogen chloride, 
sulphur dioxide, silicon fluoride, ammonia and nitrous oxide. His 
discovery of oxygen was perhaps his most important service to 
chemistry. Priestley was a phlogistonist to the last, but his dis- 
covery of oxygen was in the hands of Lavoisier the means of destroy- 
ing the phlogiston theory. 

During the last quarter of the eighteenth century quantitative 
chemical research had begun and some attempts were made to 
investigate the proportions in which chemical substances combined. 
The work carried on by Joseph Black (1728-1799) at Glasgow 
cleared up the relationship between carbon dioxide, chalk, lime, 
magnesia, magnesium carbonate, caustic soda and sodium carbonate, 
by means of a quantitative study. These researches attracted great 
attention at the time and certainly helped to give the scientific world 
a clearer idea of the nature of chemical combination. At a slightly 
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later period the remarkable and eccentric genius, Henry Cavendish, 
carried out his famous researches upon the composition of water. 
These are further described in Chapter IX. ; suffice it to say here 
that he proved that water was composed of one volume of oxygen 
(dephlogisticated air) combined with two volumes of hydrogen 
(inflammable air). Cavendish, however, hardly appreciated the 
importance of his discovery from the point of view of the theory of 
combustion, and it remained for Antoine Laurent Lavoisier (1743- 
1794) to do away with the phlogiston theory and to propound a true 
theory of combustion. 

10. La Revolution ChimUue 

It is, perhaps, not too much to say that chemistry after the work 
of Lavoisier and Dalton becomes modern chemistry and that in the 
chemical theories of the early nineteenth century, though there is 
much left unexplained, there are no serious fallacies or false beliefs 
such as might hinder the progress of the science. Lavoisier might 
have carried on his researches and made himself an even greater 
figure among the founders of modem chemistry, had not the French 
Revolution sent him to the guillotine. He had been one of the 
Fermiers-generaux, and against these the resentment of the revolu- 
tionaries, headed by Marat, was most strongly aroused. His 
attainments did not save him, for Coffinhal declared in words which 
none the less did an injustice to the spirit of the Revolution “ La 
R^jpvJblique n'a pas besoin des savants,^' Lavoisier’s researches are 
described in further detail in Chapter XIX. It may shortly be said 
that he grasped the significance of Priestley’s discovery of oxygen, 
that he demonstrated conclusively that combustion was a combina- 
tion of the combustible substance with oxygen, and he showed that 
the weights of the products of combustion were the exact sum of 
the weights of the combustible and of the oxygen taking part in 
the combustion. Phlogiston was thus rendered an unnecessary 
assumption. 

Lavoisier and his followers thus initiated La R4s)olution Chimique. 
They got rid not only of the phlogiston theory but also of the 
terminology based on it (dephlogisticated air = oxygen, etc.) and 
invented the new names oxygen, hydrogen, etc. The acceptance 
of the new beliefs was slower in countries other than France, but 
by the year 1800 the phlogiston theory was almost everywhere 
extinct. 

It is perhaps hardly profitable to pursue in any detail the further 
progress of chemistry, for to do so would be to recount facts which 
will be studied in the ensuing chapters of this book. 



16 


EARLY HISTORY AND METHOD 


PROGRESS OF CHEMISTRY DURING THE 
NINETEENTH CENTURY 

11. The Nature of Matter 

Progress in this direction was at first slow. The work of Dalton 
(Chapter II.) showed very clearly that matter behaved as if it had 
an atomic structure rather than a continuous one. The develop- 
ment of the kinetic theory by Clerk Maxwell and others supported 
the belief in the atomic character of matter. None the less it was 
not till the last decade of the nineteenth century that any reliable 
information as to the size and other properties of the atom was 
reached. The study of radio-activity and of spectra during the 
twentieth century threw much light on the structure of the atom 
(Chapter VII.), but it has only been during the last ten years 
(1920-1930) that it has been possible to start the task of showing 
how the structure of the atom is related to the chemical properties 
of the elements. 

The development of the idea of valency from about 1840 onward 
led to the study of the structure of the molecule and to extensive 
studies of the structural formulae of compounds ; in particular of the 
compounds of carbon. It is only recently, however, that we have 
obtained any direct physical evidence of the way the atoms are 
distributed in the molecule and of their relative motions. This 
evidence, provided by the study of dipole moments, X-ray reflection 
and diffraction spectra, molecular spectra, agrees very well with our 
theoretical deductions of structural formulae. Only a few simple 
molecules have been studied ; but in no case have the results proved 
inconsistent with the older formulae derived from chemical evidence. 
These newer studies make the knowledge we already possess more 
full and precise. Thus water, as we knew before, has the two 
hydrogen atoms both attached to the oxygen atom ; the newer 
physical methods give the additional information that the two H-0 
linkages are inclined at an angle of about 109®. 

12. The Preparation of New Compounds 

A knowledge of the existence of types of compound (such as 
acids, salts, etc.) had led even in earlier years to the possibility of 
predicting the existence of new compounds. It needed no great 
ingenuity to predict that a newly-discovered metal would have a 
chloride or an oxide, and it is easy to devise ways of attempting to 
prepare such compounds as these. The greatest advances in the 
preparation of new compounds were due to the discovery of the fact 
that groups of atoms, such as NH 4 — ^ammonium, C 4 H 5 — ^Phenyl, 
CN — Cyanogen, could react like single atoms, and it is to this dis- 
covery, due mainly to Liebig and Wohler, and to the perfecting of 
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structural formulae, that the preparation of some 300,000 organic 
compounds is due. 

13. Chemical Theory and Laws 

The advances in this direction have led to the rather unfortunate 
elevation of the theory of chemistry into a special subject, ‘‘ Physical 
Chemistry,’* so called because many of its departments involve study 
of methods and forces, etc., previously classified as ‘ Physical.’ It 
is impossible to give any concise account of a century’s progress in 
chemical theory. Suffice it to mention the discovery of the mathe- 
matical expression of the laws of electrolysis, and of the phenomena 
attending it ; the ionic theory and the recognition of the peculiar 
character of solutions of acids, bases and salts ; the investigation 
of the speed of chemical reactions and the study of chemical 
equilibria. These are a few of the major departments of chemical 
theory ; innumerable minor points have been investigated and 
chronicled. 

14. Present Progress 

At the present date the progress of chemical discovery is as rapid 
as ever. Throughout its history discovery has never progressed 
steadily along the whole front of chemical knowledge. A new fact 
suddenly throws a light on an old unsolved problem and unravels 
its secret. The new knowledge so obtained opens up fresh avenues 
of discovery, and rapid progress takes place till further apparently 
insoluble problems are reached. In this way chemical knowledge 
increases irregularly and by ‘ spurts.’ Of recent years (1920- 
1938) the chief advance is taking place in the direction of connect- 
ing our knowledge of atomic motions derived from spectra, etc., 
with the chemical and physical behaviour of the elements, and of 
gaining a knowledge of the real nature of chemical combination. 

The last few years have also seen a remarkable advance in our 
methods of handling exceedingly minute quantities of material, and 
the discovery of several new elements has resulted from the applica- 
tion of delicate electrical methods to the separation and detection 
of minute proportions of these elements from great quantities of 
material. 

Perhaps we may say that the chemical and physical worlds are 
now alike concentrating their attention on the molecule, the atom, 
the electron and their relationship and structure ; and it is, perhaps, 
not too much to expect that a second Rdvolution Ghimiqae may occur 
as a result of a real understanding of the atoms and molecules which 
for a hundred years we have represented in our chemical formulae 
without any knowledge of their complex and remarkable structure. 
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CHEMICAL CHANGE 

16. Chemical and Physical Changes. — Changes in a body may bo 
of two types — chemical and physical. There is no absolutely sharp 
dividing line between the two, but it is in very few cases that we 
are in doubt under which heading to place a particular change. In 
general we may say that a physical change affects only a few of the 
properties of a substance and gives us no reason to suppose that a 
new substance has been formed. 

A chemical change, on the other hand, is accompanied by such a 
complete alteration of the properties of the substance that we are led 
to believe that a new substance has been formed. 

Thus, for example, if iron is magnetised, its density, colour, 
tenacity, specific heat and chemical properties remain unaltered. 
This is a definite physical change. 

When water is heated until it vaporises, the steam formed has all 
its physical properties entirely different from those of water. The 
fact that the chemical behaviour of steam is the same as that of 
water at the same temperature, and the fact that cooling reconverts 
steam into water, makes us believe that it is the same substance as 
water and that its vaporisation is a physical change. 

If we heat a mixture of oxygen and hydrogen to 100° C., the 
density and one or two other properties alter, but not to the extent 
which would lead us to believe that any new substance is formed. 
On the other hand, if we heat the gases, contained in a stout vessel, 
by means of an electric spark, we find that a sudden and large rise 
of temperature and pressure occurs, together with a flash of light 
and the production of sound. Much energy is liberated. After the 
products have cooled, we find a small quantity of a liquid — water — 
which is obviously a new substance, differing in almost every par- 
ticular from the oxygen and hydrogen from which it was made. A 
new substance heus been formed, and the change is a chemical one. 

16. Distinctions between Chemical and Physical Changes. — Three 
criteria serve in practice to distinguish chemical changes from 
physical changes. 

(1) Chemical changes are accompanied by a profound alteration 
in the properties of the reacting substances, while physical changes 

18 



CHEMICAL AND PHYSICAL CHANGE 19 

are but partial in character. This is nearly always true, but certain 
double salts and other loose compounds may strongly resemble the 
components from which they are formed. The fact of a profound 
change in the properties of two substances when mixed indicates 
the formation of a compound, and this affords us a means of 
distinguishing compounds from mixtures (§ 19). 

(2) Chemical changes are usually permanent in character, while 
physical changes as a rule persist only so long as the exciting cause 
remains. 

Thus the water formed from oxygen and hydrogen by the action 
of heat will not revert on cooling to these elements, while steam 
produced by heating water will form water once more on cooling. 
There are a number of reversible chemical reactions to which this 
criterion does not apply, but these are usually distinguishable from 
physical changes on other grounds. 

(3) Chemical changes produce as a rule more energy than do 
physical changes. Thus the formation of a gram of water from 
oxygen and hydrogen produces 3,833 calories, while the melting of a 
gram of ice produces 80 calories, and the condensation of a gram of 
steam 636 calories. There are, however, many chemical changes 
which are accompanied by very small energy changes. In practice, 
however, a marked change of temperature indicates the formation of 
new compounds, and, therefore, a chemical change, while a change 
accompanied by the production or absorption of but little energy 
may be chemical or physical, but is more likely to be the latter. 

17. Substances.— Chemistry is concerned with the description and 
recognition of ‘ substances,’ and it is our task to discover what we 
mean by a ‘ substance ’ in the chemical sense. 

We should not call a motor car or a parrot ‘ a single substance,’ 
for both of these objects contain recognisably different kinds of 
material. We might, on the other hand, call milk or copper or glass 
‘ substances,* because they appear to consist of a single hind of 
material with properties (i.e., qvalities), sufficiently constant and well 
marked to distinguish them from other kinds of material. For thousands 
of years the notion of the existence of substances has been extant, 
but the idea of * pure substances * was not grasped before the time 
of Robert Boyle. Pliny (c. 60 a.d.) mentions about a dozen kinds 
of the material which we call ‘common salt,’ some white, some 
yellowish, some in lumps, some in powder, etc., and apparently it 
did not occur to him that all these kinds of salt consisted of one 
single substance, ‘ pure salt,* mixed with impurities of different 
kinds. He thought of them, rather, as differing essentially from 
each other, as a donkey differs from a horse. 

The idea of pure substances was to some extent realised by 

02 
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Boyle, but it was not till the early eighteenth century that the idea 
that a particular element or compound is distinguished from all 
others by specific, invariable and characteristic properties was 
arrived at ; and this notion was necessary for a true grasp of the 
idea of the chemical compound. Boyle, however, gave a real and 
definite meaning to the term elementy which is perhaps the primary 
chemical conception. 

18. Elements. — It is clear, then, that there exist a number of 
* pure substances ’ from which are built up all the material objects 
of the world around us. Even before the idea of ‘ pure substances ’ 
was developed, it was recognised that substances could be trans- 
formed one into another, and the conclusion was reached that all 
known substances were combinations of a few elements which them- 
selves were simple, i.e.y not composed of any other kind of matter. 
The early theories about these elements are described in Chapter I. 
The first real step towards a knowledge of the nature of these 
elements was taken in the seventeenth century, when the principle 
was laid down by Boyle that every substance which had not been 
proved to be composed of two or more different kinds of matter 
should be regarded as an element. 

The fundamental means of deciding whether a particular sub- 
stance is an element is to find out by practical experimental tests 
whether it conforms to the definition of an element. This definition, 
based on the ideas of Robert Boyle, may be sot out in the following 
form : 

An Element is a distinct species of matter which has not yet been 
shown to be composed of two or more different kinds of matter.^ 

It follows, then, that in order to find out whether a particular 
substance is an element, we must attempt in every possible way to 
separate from it two different kinds of matter. The action of heat, 
of the electric current, and of other chemical elements or compounds 
are the methods employed to bring about such a separation. 

To take an actual example, the substance copper is a distinct 
species of matter, that is to say, it is distinguished from other sub- 
stances by having a specific colour, tenacity, melting point, density, 
etc., and by its behaviour when treated with other substances 
(chlorine, acids, etc.). 

If we subject copper to great heat (in absence of air) it is not 

^ It may be objected to this definition that chemical elements (a) can readily 
be split up into ions and electrons by an electric discharge ; (b) may be 

transformed into other elements by bombardment with a-particles, protons, 
or neutronSd> The following definition is more satisfactory : — 

A chemiciU element is a distinct species of matter which cannot be con- 
verted by the action of heat, chemical reaction with other substances, or small 
electrical potentials into two or more electrically neutral different kinds of 
matter. 
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changed in any fundamental way. It melts, and finally boils, but 
does not separate into two definitely different substances. The 
action of electricity has no effect on the solid or liquid. * Electricity 
may ionise the vapour, but does not separate it into two or more 
different elements. If we treat copper with other elements, such as 
oxygen or chlorine, the product is a single substance not two 
different ones. We conclude, therefore, that copper is an element, 
for our attempts to split it up are unavailing. 

If, on the other hand, the metal brass were subjected to the same 
treatment, we should find that, when strongly heated in a vacuum, 
it underwent a change. The metal at a white heat would be found 
to evolve a vapour which would condense on a cold surface as a 
white metal, and a red metal, copper, would be left behind. The 
brass would thus be separated into two different substances, and 
could not be called an element. Alternatively, the brass might be 
heated in a current of chlorine gas, itself an element. The products 
might be dissolved in water and electrolysed (§ 112) using a 
small voltage.^ A red metal — copper — would be deposited on one 
electrode. We should then have separated from the brass a sub- 
stance different from itself, and so we should not regard it as an 
element. 

19. Mixtures and Compounds. — A ‘ pure substance ’ may be 
said to be a single species of matter distinguished by displaying, under 
given conditions, characteristic and invariable properties. 

Thus we call water a pure substance, because at 4® C. 1 c.c. always 
weighs 1-0000 gm. ; because it always freezes under normal atmo- 
spheric pressure at 0° C. ; because it always evolves heat when 
added to sulphuric acid, etc. It is not any one of these properties 
which makes us call water a pure substance, but the fact that a 
considerable number of these accurately definable properties are 
always associated with any water from which appropriate steps 
have been taken to remove foreign substances. 

Pure substances are classified as elements and chemical com- 
pounds. The latter are distinguished from elements by the tests 
already mentioned. We can distinguish a chemical compound from 
a mixture of elements or chemical compounds by a series of experi- 
mental tests. 

20. Homogeneity of Compounds. — ^A homogeneous substance is 
one of which any portion taken at random has the same composition 
and properties as every other portion. A heterogeneous substance is 
one which does not conform to these conditions. 

It will easily be seen that a chemical compound which contains 
only one kind of matter must be homogeneous, while a mixture need 
^ So as to deposit the copper and not the zinc. 
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not necessarily be so. It may bo possible to perceive the 
different constituents of a heterogeneous mixture by inspection 
with the naked eye or microscope. It is not always, of course, 
possible to see the constituents of a mixture, for they may be 
indistinguishable in appearance, or, again, the particles may be 
too small to be seen. Thus a solution of red ink, though it is 
certainly a mixture of a red dye and colourless water, shows no 
sign of separate red particles floating in clear water however 
much it is magnified. A solution of india ink, on the other hand, 
when magnified 1,000 times shows tiny particles of carbon floating 
in clear water. 

Thus a compound must be homogeneous, for it contains only 
one kind of substance, while a mixture may or may not be 
homogeneous. 

A heterogeneous substance must be a mixture,^ 

21. Separation of the Constituents of Compounds and of Mixtures. 
— The constituents of most compounds are held together by con- 
siderable forces, while those of most mixtures are held together by 
small or negligible forces. It therefore often requires much energy 
to separate the constituents of a compound, and very little, or none, 
to separate those of a mixture. 

Thus to separate 18 gms. w'ater into its constituents, oxygen and 
hydrogen, a large amount of energy (equivalent to 69,000 calories) 
must be spent, while in order to separate oxygen and hydrogen from 
a gaseous mixture of the two little or no energy is required, mere 
diffusion through a porous tube (§ 54) being enough to effect a 
separation. 

In general, then, if it is possible to separate the constituents 
of a substance by means which involve the expenditure of very 
little energy, the substance is probably a mixture. Such methods 
as fractional crystallisation (§ 86), flotation (§ 405), hand-picking, 
magnetic separation (§ 1011), washing (§ 324), diffusion (§ 598), 
freezing out a less volatile or less fusible constituent (§ 720), evapora- 
tion at room temperature, etc., may serve to split up mixtures but 
not compounds. References are given to examples of such 
separations described in the later part of the book. 

Compounds are usually split up only by such means as strong 
heat, the action of electricity or the chemical action of other sub- 
stances. 

A more definite criterion may perhaps be afforded by the fact 
that mixtures may often be separated by so-called mechanical 
energy, ».e., energy of motion, such as is involved in the process 

> The only exception to this is a suspension of one phase of a compound in 
another, e.p., a suspension of ice crystals in water. 
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of handpicking, winnowing, diffusion, etc., or by the action of 
gravitation, such as is involved in processes of flotation. 

Compounds are never broken up by such means, and it is only 
chemical energy, radiation and electricity that are capable of 
decomposing them. 

22. Constant Composition of Compounds. — A chemical com- 
pound is distinguished from a mixture by having a constant com- 
position, Thus pure chalk contains exactly 11*993 per cent, of the 
element carbon, and never contains any more or any less. India 
ink, a mixture of water and carbon, may contain any proportion of 
the latter, and no one proportion of carbon can be fixed on as being 
characteristic of india ink. Again, a mixture of oxygen and hydrogen 
may contain any proportions of these gases, but a compound of 
oxygen and hydrogen, such as water, contains exactly 2*016 parts 
by weight of hydrogen to every 16 parts by weight of oxygen, and 
never any more or less. 

23. Boiling Points and Melting Points of Compounds and Mix- 
tures. — A compound, being a single substance, has its own charac- 
teristic properties, and under fixed conditions of pressure has a 
definite melting point and boiling point. Thus, when a pure com- 
pound is heated, it does not begin to melt till a certain temperature 
is reached, and the compound remains at this temperature until it 
is entirely melted. In the same way a compound begins to boil at 
a fixed temperature, and the boiling point does not change, however 
much of the liquid is boiled away. 

Mixtures, however, rarely melt or boil at fixed temperatures. As 
a rule, melting or boiling begins near the melting point or boiling 
point of the more fusible or volatile component, and gradually rises 
until a point is reached near that of the melting or boiling point of 
the other component.^ Thus a sharp melting point and a fixed 
boiling point are characteristic of a compound. 

24. The Formation of a Compound involves a Chemical Change. 
— ^When a mixture is formed, there is only a physicxil change, while 
the formation of a compound is accompanied by a chemical change, 
and therefore, as a rule, by the production of energy in the form of 
heat, light, etc., and by a complete change of properties (§ 16). 

25. The Structure of Elements and Compounds. — Although the 
reader has not yet examined any of the evidence for the atomic 
structure of matter, and the electrical nature of the atom, it may be 
well to try to form a picture of the phenomena which uiiderly 
physical and chemical change, and which explain the existence of 
the classes of compounds known as elements, compounds and 

^ See Chapter IV. Cryohydrates and constant boiling mixtures (p. 694) 
are exceptions. 
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mixtures. The evidence for the assumptions which follow is largely 
derived from physics, and it is therefore not unreasonable for the 
student of chemistry to take them for granted at first. Chapter 
VII. goes into the matter more fully. 

Matter is regarded to-day as entirely composed of atoms. These 
are exceedingly minute and exceedingly numerous. Only one kind 
of atom is contained in an element ; it is therefore impossible to 
divide it up into anything simpler without splitting up the atoms 
of which it is composed. The atom itself is composed of from two 
to 200 positive and negative electrons, and its character as the 
atom of a particular clement depends on the nature of its nucleus, 
the innermost portion of the atom. The nucleus is so small, and is 
bound together so firmly, that only, enormous concentrations of 
energy can decompose it, and in chemical operations we find that 
atoms are neither created nor destroyed nor transformed into other 
atoms. It IS not difficult to remove an electron or two from the 
oiiter portions of the atom, and this process (known as ionisation) 
may be regarded in some sense as a splitting of the atom. The 
removal of an electron or two does not, however, convert the atom 
into a different atom, just as cutting the tail off a Persian cat does 
not convert it into a Manx cat, but only into a dismembered cat. 

An element, then, contains only one kind of atom. A compound 
is made up of molecules, which are particles all exactly alike and 
each containing a fixed number of atoms of two or more different 
kinds. The atoms in each molecule are bound together by electrical 
attraction, or by sharing one or more electrons. The forces binding 
these atoms together may be strong or weak. They never approach 
the strength of the forces which bind the inner electrons of the 
atom in their positions, and consequently moderate forces will serve 
to decompose compounds. In some cases the linkage between the 
parts of a molecule is very feeble, and breaks merely as a result 
of the motion of the molecules in question. But, though the linkage 
is feeble, it is extremely intimate, and the minute size of the atoms 
in the molecule, and the extremely short distance between them, 
makes it quite impossible to separate them by mechanical means, 
such as flotation, diffusion, filtration, etc. 

A mixture w'e conceive as containing two or more different kinds 
of atoms or molecules not held together by the sharing of electrons 
or any powerful electrical attractions.^ If the mixture is very 
intimate, as in the case of a solution, mechanical means of separation 
will be difficult to apply, though such processes as diffusion may be 
successful. If the mixture is coarser, each particle consisting of 

^ The particles of mixtures are often held together comparatively firmly by 
surface forces* 
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aggregates of thousands or millions of molecules, the separation is 
correspondingly easier. 

Physical change is conceived as being an alteration in the motions, 
internal or external, of the atom or molecule, while a chemical change 
consists of the formation of new molecules hy an alteration in the 
number, hind, or arrangement of the atoms in other molecules. Thus, 
when iron is made red hot, the vibrations of its atoms become 
ampler, and the electrons which they contain take up wider orbits, 
but no new molecules are formed. When a mixture of hydrogen and 
oxygen is exploded, new molecules are formed, and a new com- 
pound, water, with a new set of properties, appears. 
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26. Types of Chemical Changes. — Several different types of chemical 
changes are distinguished. The reader unfamiliar with the use of 
formulae should refer to §§ 37, 38. 

(1) Combination, — ^When two or more substances unite to form a 
single product they are said to combine. Thus chlorine and sodium 
combine to form sodium chloride. 

2Na + Ola = 2NaCl. 

(2) Decomposition, — ^When a single substance breaks up into two or 
more simpler substances it is said to decompose. Thus mercuric oxide 
when heated decomposes into mercury and oxygen, 

2HgO - 2Hg -f Oa, 

and ferrous sulphate when heated decomposes into ferric oxide, sulphur 
dioxide and sulphur trioxide. 

2 FeS 04 = FeaOs + SOj + SO^. 

(3) Dissociation has almost the same meaning as decomposition, but 
is only applied to reversible reactions. Thus ammonium chloride 
dissociates when heated into ammonia gas and hydrogen chloride, 
which on cooling again recombine, forming ammonium chloride. 

NH^Cl^NHa + HCl. 

(4) Displacement, — When an element reacts with a compound in 
such a way as to remove one element and itself combine with the 
remainder, it is said to displace the element. Thus zinc displaces 
copper from copper sulphate, forming zinc sulphate and metallic 
copper. 

Zm -j- CUSO4 ** ZnS04 “b Ou. 
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(5) Double Decomposition, — When two compounds (usually acids, 
bases or salts) react in such a way as to exchange radicals ^ they are 
said to undergo double decomposition. Thus lead nitrate and sodium 
sulphate give sodium nitrate and lead sulphate. 

Pb(N03)2 + == 2NaN03 -f PbSO*. 

Hydrochloric acid and silver nitrate give silver chloride and nitric 
acid. 

HCl + AgNOs =- AgCl + HNO3. 

(6) Substitution, — When an element or compound displaces another 
element from a compound and, at the same time, combines with the 
tilemeiit displaced, it is said to be substituted in the compound. Tims 
methane and chlorine give methyl chloride and hydrogen chloride. 

CH4 + CI2 = CH3CI + HCl, 

The nitro-group NOj is substituted in benzene by the action of nitric 
acid upon it 

CeHe + HNO3 = C3H3NO3 + H2O. 
or C3H3.H + HO.NO2 = CeHg.NOa + H2O. 

(7) Hydrolysis. — When a compound reacts with water in such a way 
that it splits up and forms two compounds, one with the hydrogen 
of the water, the other with the hydroxyl, thus 

AB 4- H.OH = AH + BOH, 

the compound is said to be hydrolysed. Thus thionyl chloride is 
hydrolysed by water forming sulphurous acid and hydrochloric 
acid. 

/Cl H.OH OH 

O = S<; 4 - = 0= SC 4 2HCI. 

^C 1 H.OH \OH 

Meihyl acetate is hydrolysed, 

CH3O.CO.CH3 + HOH = CH3OH 4 CH3COOH, 

forming methyl alcohol and acetic acid. 

Hydrolysis is really a si)ecial case of double decomposition, but is 
such a common phenomenon that it is given a special name. 

(8) Addition. — ^When a molecule combines as a whole with a com- 
pound it is said to be added on or to form an addition product. Thus 
ethylene and bromine undergo an addition reaction, 

C2H4 4 - Brg = C2H4Br2, 

and ferrous sulphate and nitric oxide do the same, 
reS04 + NO == FeSO4.NO. 

Addition is actually a special case of combination, whole molecules 
lather than atoms being concerned. 

(9) Isomeric and Tautomeric Change. — When a compound changes 
into another compound without losing or gaining any matter it is said 
1 o undei'go an isomeric change or internal rean-angement. 

Thus ammonium cyanate changes into urea, 

NH4OCN - CO(NHa)a. 

If such a change is reversible it is said to be tautomeric, 

^ Badical. A group of atoms which, in their chemical reactions, react as a 
unit analogous to a single atom. 
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ENERGY OF CHEMICAL CHANGE 

27. Chemical Energy. — When chemical change takes place 
energy is liberated or absorbed, usually as heat, but occasionally as 
light, electricity or work. In reactions, where the energy change is 
not great, all the energy appears as heat, unless a gas is formed, 
when its evolution does work against the pressure of the atmosphere. 

A reaction which liberates heat energy is said to be ex^hermicy 
and one which absorbs heat energy is said to be endothermic. 

When a reaction takes place the reacting substances have a 
certain total internal energy or intrinsic energy Q, and the products 
of the reaction have a different intrinsic energy Q'. Thus Q — Q' 
represents the energy change of the system. This difference of 
energy Q — Q' can be determined practically, but the actual intrinsic 
energies are not known. 

28. Hess’ Law. — It is found that a certain definite energy 
change is associated with each particular chemical change. The 
way in which the change takes place makes no difference ; the heat 
evolved or absorbed in a chemical change depends only on the initial 
and final stages of the system^ and is independent of the intermediate 
stages through which it passes. This generalisation is known as 
Hess’ Law. 

Thus, to quote an example given by Mellor, let us suppose that, 
starting with a solution of 36*46 gms. hydrochloric acid, and 56 gms. 
of solid quicklime, we wish to make a solution of calcium chloride. 
We may do this in two ways. 

(1) We may slake the quicklime with water, thus evolving 
15 Calories, and dissolve this in water, 3 Calories being evolved in the 
process. We may then add the acid when a further 28 Calories are 
produced — a total of 15 + 3 + 28 = 46 Calories. 

Using the notation explained in § 29 : — 

(CaO + HgO = Ca(OH)a^+ 15 Cals. 

- Ca(OH )2 + Aq = Ca(OH )2 . Aq + 3 Cals. 

I Ca{OH )2 . Aq + 2HC1 . Aq = CaCl^ . Aq + 2 H 2 O + 28 Cals. 


CaO + 2HC1 . Aq = CaClg . Aq + HgO + 46 Cals. 

(2) We may add the 56 gms. of quicklime directly to the solution 
of acid. If we do this, we find that 46 Calories are again evolved : — 
CaO + 2HC1 . Aq = CaCla . Aq + HgO + 46 Cals. 

A second example may be taken. 

Thus, if we combine 64 gms. sulphur with 12 gms. of carbon 
and burn the carbon disulphide formed, we use up 19*6 Cals, i^ 
making the carbon disulphide, and liberate, when it is burned, 
253 Cals., representing a total liberation of heat of 233*4 Cals. 
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C + 2S = CSg - 19-6 Cals. 

CSg + 3O2 = CO2 + 2SO2 + 253 Cals. 


or c + 2S + 3O2 = CO2 + 2SO2 + 233*4 Cals., 

If we burn the 64 gms. of sulphur and 12 gms. of carbon separately, 
we liberate 94*5 Cals, by burning the carbon, and 138*9 Cals, by 
burning the sulphur, again a total of 233*4 Cals. 

2S + 2O2 = 2SO2 + 138*9 Cals. 

C + O2 = CO2 + 94*5 Cals. 


C + 2S + 3O2 = CO2 + 2SO2 + 233*4 Cals. 

Thus the same quantity of heat, 233*4 Cals., is evolved by what- 
ever means we convert our 12 gms. of carbon and 64 gms. of sulphur, 
and 96 gms. of oxygen, into 44 gms. of carbon dioxide and 128 gms. 
of sulphur dioxide. 

29. Heat of Reaction. — ^The hmt of reaction of a chemical change 
is the quantity of heat produced when the weights of the reacting 
substances indicated by the equation (§ 74) for the change react, 
the unit of mass being the gram. The heat evolved or absorbed is 
usually expressed as kilogram-Calories, abbreviated as Cals. The 
kilogram-Calorie (Cals.) is 1,000 gram-calories (cals.), and is the heat 
required to raise the temperature of a kilogram of water by 1° C.^ 

The heat effect is usually expressed in the equation. Thus the 
equation, 

2Mg + 02 = 2MgO + 291*6 Cals., 

indicates that 48 gms. of magnesium burn in oxygen, producing 
enough heat to raise 291*6 kilograms of water through 1° C. 

The determination of heats of reactions which take place 
in solution may readily be performed by ordinary calorimetric 
methods. 

Thus, if we require the heat of combination of hydrochloric acid and 
caustic soda in dilute solution, we may proceed as follows ; Equal 
volumes of, say, tenth-normal solutions, which have been brought to 
the same temperature, are mixed in a calorimeter, of which the water 
equivalent is known, and the small rise of temperature is observed by 
a delicate thermometer. If the rise of temperature is C., the volume 
of each solution n cc. and the water equivalent of the calorimeter, 
thermometer, etc., is w, the heat produced by the reaction is (w + 2n)t 
cals.* Ten litres of each solution contain l«gm. molecule of the sub- 
stances, and the heat produced by these quantities of the solutions 
would be 

* Usually from 0® C. to 1’’ C., but other ranges such as 14° C. to 16° C., 
etc., are used. 

® The sf^cific heat and density of these dilute solutions may be reg^ded 
as unity without appreciable error. 
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(vf + 2n)« X 20,000 10(w + 2n)t 

s = Cals., 

2n n 

which quantity represents the heat of reaction. 

If the water equivalent is neglected, the heat of reaction will be 
20^ Cals. 

Where great heat is produced, and where gaseous products are formed, 
special methods must be used. The bomb calorimeter is particularly 



Fig. 3. — Bomb Calorimeter. 


useful for determining heats of combustion, that is to say, the heat 
produced when 1 gm. of a combustible substance combines with oxygen. 

The bomb calorimeter is a steel vessel (v) lined with platinimi or 
enamel. A weighed amoimt of the substance to be burned is placed in 
a capsule (c), in contact with a wire (w), which can be electrically heated. 
The bomb is then filled with oxygen at, say, 20 atmospheres pressure 
and is placed in a large vessel of water, "^^en thermal equilibrium 
has been reached the substance is fired by means of a current passed 
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through the wire. The temperature of the water is recorded and the 
rise noted. The number of Calories evolved by the fsombustion of 1-gm. 
molecule of the substance is calculated. 

It is possible to find the heat of formation of a compound even 
when the elements concerned do not react directly. The procedure 
is best illustrated by an example. Thus the heat of formation of 
acetylene cannot be measured directly, for carbon reacts directly 
with hydrogen only under conditions which make it impossible 
to measure the heat produced. Now carbon and hydrogen combine 
and form acetylene, and acetylene burns in oxygen, forming carbon 
dioxide and water. The total heat produced by these two processes 

4C + 2H2 = 2C2H2 

2C2H2 + 5O2 = 4CO2 + 2H2O 

should be the same as that produced when the amounts of carbon 
and hydrogen indicated in the equation are burned directly to 
carbon dioxide and water without being converted into acetylene. 
We should therefore find that the equations : — 

4C + 2H2 = 2C2H2 + X Cals. 

2C2H2 + 5O2 = 4CO2 + 2H2O + 025*8 Cals, 
which add up to — 

4C + 2H2 + 5O2 = 4CO2 + 2H2O + {x + 625*8) Cals, 
should give the same total heat as the two reactions (the heats of 
which are readily measured) — 

4C + 4O2 = 4CO2 + 377 Cals. 

2H2 + 02 = 2H2O + 137 Cals. 


4C + 2H2 + 5O2 = 4CO2 + 2H2O + 514 Cals. 

It follows then that x + 625*8 = 514, and that x, the heat of 
formation of 2-gm. molecules of acetylene is — 111*8 Cals., and the 
heat of formation of acetylene is then — 55*9 Cals, 

MASSES INVOLVED IN CHEMICAL CHANGES 

30. Conservation of Mass. — ^Long before the energy changes 
associated with chemical combination had been studied, much 
attention had been given to the relation between the weights of 
reacting substances. These studies led to the establishment of a 
series of fundamental chemical laws which enabled Dalton to 
enunciate his Atomic Theory on which the whole of modem 
chemistry is based. 

The Law of Conservation of Mass states that the mass of a 
system is unaltered by any change which takes place within it» or, 
expressing the law in a form more directly applicable to chemistry, 
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the total mass of the substances taking part in a chemical change 
remains unaltered throughout the change. 

This law was first stated by Lavoisier, and no evidence of any 
measurable departure from it has been produced. Very exact 
exi>eriments were performed by Landolt, who sealed up substances 
capable of chemical reaction in the separate portions of a vessel of 
the type shown in Fig. 4. This vessel contained a cup which could 
contain one reagent, the other being placed in the space outside it. 
An evacuated jacket, like that of a thermos flask, eliminated the 
injurious effects of the heat of reaction on the volume and the 
consequent apparent weight of the vessel. The vessel was weighed 
with elaborate precautions to ensure accuracy, and then inverted, 
causing the substances to mix and reaction to take place. The 
vessel was then again weighed. No change of mass greater than the 
very small experimental error (about 1 part in ten 
million) could be detected. It must be remem- 
bered that this law, like all others, is only a state- 
ment of ascertained facts, and not a self-evident 
truth. The Law of Conservation of Mass is the 
fundamental basis of every chemical analysis or 
determination, and, although millions of these 
have been performed, no errors have been found 
which could be attributed to a failure of the Law — Reaction 

of Conservation of Mass. We may therefore ments on^^the 
assume with almost complete certainty that no Conservation of 
change of mass of an amount measurable by 
our present instruments occurs during a chemical transformation. 

It follows from the work of Einstein that a change in energy should 
be accompanied by a change of mass. Chemical changes are often 
accompanied by the liberation of energy, and if this energy is allowed 
to leave the system a change in mass should therefore be expected. 
The change in mass when a gm. molecule (18 gm.) of water is formed 
from oxygen and hydrogen amounts to about 0-3 x lO'"® gms., a pro- 
portion undetectable by our present weighing instruments, but not 
beyond the ultimate possibility of detection. Such quantities may be 
regarded as negligible in even the most accurate chemical work. 

Mass and energy are now to be regarded as to some extent equivalent, 
and there is a true conservation of mass and energy combined, if not of 
each singly. According to the work of Einstein, where m and E are 
equivalent quantities of mass and energy, and C is the velocity of light. 



81. The Law of Constant Proportions. — ^The Law of Constant 
Proportions (also known as the Law of Constant Composition or of 
Definite Proportions) states that when elements unite together to 
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form chemical compounds they do so in certain fixed proportions, 
or, otherwise expressed, each chemical compound is always com- 
posed of the same elements united in the same fixed proportions. 

Thus water always contains 11-19 per cent, of hydrogen and 
88-81 per cent, of oxygen ; and calcium carbonate 40 05 per cent, 
of calcium, ll*99i per cent, of carbon, and 47-96 per cent, of 
oxygen. 

This law is not self-evident, and it was only after a considerable 
controversy at the beginning of the nineteenth century that it was 
decided that compounds were of unvarying composition. The law 
may be illustrated and tested by preparing the same compound in 
several different ways, and then analysing the several samples 
obtained. 

Thus we may convert copper into black copper oxide : (1) by 
heating it in oxygen ; (2) by dissolving it in nitric acid and heating 
the nitrate ; (3) by heating it in chlorine, dissolving the chloride 
in water, precipitating the hydroxide, filtering this off and heating 
it. In each instance 1-0000 gm. of copper forms 1-2517 gms. of the 
oxide. 

A much more cogent proof of this law is the fact that its truth is 
assumed in all analytical work. Analysis is based on the belief that 
the composition of compounds is always the same. For example, 
when we determine silver we precipitate it as chloride, weigh this 
and calculate the weight of silver as of the weight of the 

chloride, thereby assuming that the latter always contains the same 
proportion of silver. Now, although analytical results may prove 
incorrect for many reasons, no errors have yet been traced to the 
inconstancy of composition of a substance which we have reason to 
believe is a pure compound. We may conclude then that, within the 
limits of accuracy possible to experimental work on such a subject, 
chemical compounds are of constant composition. 

82. Law of Multiple Proportions. — The Law of Multiple Propor- 
tions was discovered by Dalton. It states that when two elements 
combine to form more than one compound, the several weights of 
one element which combine with a fixed weight of the other element 
are in the ratio of simple whole numbers. 

As examples, we may quote the very careful analyses which have 
been made of the chlorides of iron. 

These analyses have shown that 32-870 gms. of chlorine are con- 
tained (1) in 58*866 gms. of ferrous chloride, and (2) in 50-244 gms. 
of ferric chloride. < 

It follows then that : 

(1) In ferrous chloride 68»866 — 32*870 =* 26*996 gms. of iron 
combine with 32*87 gms. ohlorine. 
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(2) In ferric chloride 50-244 ~ 32-870 = 17-374 gms. of iron 
combine with 32*87 gms. chlorine. 

Then the same weight of chlorine (32*87 gms.) combines with 
(1) 25-996 gms. of iron ; (2) 17*374 gms. of iron. 

Now the numbers 25-990 and 17-374 bear the same ratio as 

25-996 , 

and 1. 


17-374 

But 


25-996 

17-374 


1*497, 


and the ratio of the weights of iron combined with the same weight 
of chlorine are as 1 : 1-497, or as 2 : 2*994, which, within the limits 
of experimental error, may be regarded as the simple proportion 2:3. 

33. The Law of Reciprocal Proportions. — The Law of Reciprocal 
Proportions marks a further advance. By analysis of the compounds 
of several elements, it appears that there is not only a regularity 
apparent in the several proportions in which the same two elements 
combine to form different compounds ; but also in the proportions 
in which a number of different elements combine to form compounds. 

The law of Reciprocal Proportions states that : — 

When two or more elements (A» B, C, etc.) severally combine with 
another element (D), then the respective weights o! these elements 
(A, B, C, etc.) which combine with a fixed weight of the other (D), are 
in the same proportions as those in which they combine to form 
compounds among themselves (AB, AC, BC, etc.), or in simple 
multiples of these proportions. 

To take a simple case. It is found by analysis that : 

(1) 3-00 gms. of carbon combine with 35*46 gms. of chlorine (in 
carbon tetrachloride), 

(2) 3-00 gms. of carbon combine with 8 gms. of oxygen (in 
carbon dioxide). 

(3) 35*46 gms. of chlorine combine with 8 gms. of oxygen in 
chlorine monoxide, and with 32 gms. in chlorine dioxide. 

From results (1) and (2), it follows that the weights 35-46 gms. 
and 8 gms., being the weights of chlorine and oxygen which combine 
with a fixed weight of carbon (3 gms.), should give the proportion 
by weight in which chlorine combines with oxygen, or a simple 
multiple of that proportion. 

Chlorine should then combine with oxygen in the proportion 
by weight of 35*46 : 8 (or 35-46 : 4, or 35-46 : 16, etc.). The actual 
ratios from (3) are, in fact, 35-46 : 8, and 35-46 : 32, (4 x 8), and 
serve to confirm the Law of Reciprocal Proportions. 

34. Equivalent or Combining Weights. — It follows from the Law 
of Reciprocal Proportions that if we set down the weights of all the 
elements which combine with, say, 8 gms. of oxygen, these weights 



CHEMICAL CHANGE 


S4 


will be in the proportions in which the elements combine with one 
another (or in simple multiples of such proportions). If we find that ^ 


8 gms. of oxygen combine with 


' 20 gms. calcium. 

1 gm. hydrogen. 

28 gms. iron. 

100 gms. mercury. 

8 gms. sulphur. 
35*46 gms. chlorine. 
23 gms. sodium. 

. 108 gms. silver, etc. 


then the numbers in the right-hand column will give the proportions 
in which these elements combine together. Thus it follows that, for 
example : — 


1 gm. of hydrogen or 108 gms. silver, or any 
of the weights of the elements given in the 
previous table will also combine with : — 


' 20 gms. calcium. 

28 gms. iron. 

100 gms. mercury. 

8 gms. sulphur. 

■< 35*46 gms. chlorine. 
23 gms. sodium. 

8 gms. oxygen, 
or simple multiples of 
, these. 


The numbers w e have given above are called the combining weights 
or chemical equivalents of these elements, for they give the pro- 
portions in which these elements combine. The quantity of 8 parts 
by weight of oxygen has been taken as standard of combining weight, 
because the adoption of this number makes no equivalent less than 
one, and most equivalents very nearly whole numbers. Moreover, 
oxygen forms a compound with every element which forms any 
compounds at all, and is therefore more suitable than an element 
such as hydrogen, which does not form so wide a range of compounds. 

We may then define equivalent or combining weights as follows : — 

The combining weight or chemical equivalent of an element is 
the number of parts by weight of it which combine with or replace ^ 
8 parts by weight of oxygen or with the combining weight of any 
other element. 

The determination of combining weights is of great importance, 
for it is from the combining weight that the atomic weight is in 
almost all cases deduced. 

85. Methods of Determining Equivalents or Combining Weights. 

-In order to determine the equivalent of an element or compound^ 

^ Most of these numbers are roimded ofi to whole numbers. 

* See { 35 (3), below. 
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we require to know the weight of it which combines with or displaces 
1*008 parts by weight of hydrogen, 8*00 parts by weight of oxygen, 
or the equivalent weight of any other element or compound. 

The methods which have been used for this purpose vary con- 
siderably, but some of the more important ones are given below; 

(1) Conversion of Element into Oxide. — known weight of the ’ 
element may be converted into the oxide, which is collected and 
weighed. If the weight of the element used is w gms., and the 
weight of the oxide formed is w' gms., then w' — w gms. oxygen com- 
bine with w gms. of the element, and 8 00 gms. of oxygen combine 

y) H)* — W 

with — gms. of the element, and its equivalent is — — — . 

(2) Reduction of Oxide. — The oxide of the element may be 
decomposed and the weight of oxygen or of the element or of both 
directly determined. 

Thus the careful reduction of a weighed amount of pure iron 
oxide by heating it in a current of hydrogen showed that 100-0000 
gms. of iron oxide yield 69-9427 gms. iron. 

Thus 100 — 69-9427 gms. oxygen combine with 69*9427 gms. iron 
to form the oxide, and 8-000 parts by weight of oxygen combine 
69*9427 X 8 

with — 3 Q Q 573 P^^^ts by weight of iron == 18*616, and this is the 
equivalent weight of iron. 

(3) Hydrogen Equivalents. — ^If a metal reacts with an acid, dis- 
placing hydrogen, then the weight of the metal used becomes com- 
bined with the same weight of acid radical as was originally com- 
bined with the hydrogen displaced. 

Metal -b [hydrogen -f-fl-cid radical] = [Metal -f* acid radical] + hydrogen, 
(acid) (salt) 

Since the metal and the hydrogen each combine with the same 
weight of the acid radical, their weights (by the Law of Reciprocal 
Proportions) give the weights of metal and hydrogen which would 
combine with each other if a compound were formed. The equiva- 
lent of hydrogen is 1*008, and the equivalent of the metal is, there- 
fore, the weight of it which causes 1*008 gms. of hydrogen to be 
evolved. 

In practice, a weighed amount of the element is allowed to react 
with excess of a suitable acid, the hydrogen being collected in one 
of the many well-known forms of gas-measuring apparatus. The 
volume of hydrogen is corrected (§ 44) to give its true volume 
as dry gas at 0® C. and 760 mm., and the weight calculated from the 
fact that 11,200 c.c. of hydrogen weigh 1*008 gms. 

(4) Determivjation through Other Elements. — ^The equivalent of 
an element may be determined by converting a weighed amount of 
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it into a weighed amount of its compound with any other element 
of which the equivalent is known. Thus the equivalent of silver 
may be determined by heating a weighed portion in a current of 
chlorine until it is completely converted into silver chloride. • The 
increase of weight gives the weight of chlorine (eq. 35*46) combining 
wuth the known w^eight of silver. The calculation is performed as 
in Method (1). 

(5) Indirect Methods . — ^A common method much in use is to 
convert a compound of the element with an element or group of 
which the equivalent is known, into a compound with another 
element of which the equivalent is known. 

Thus let us suppose that in a certain experiment 1-000 gms. of 
calcium oxide was converted by the action of hydrochloric acid into 
1*981 gms. of calcium chloride. The equivalent of oxygen is 8, and 
of chlorine is 35*46. 

Then if the equivalent of calcium is x, 

(x + 8) gms. of calcium oxide becomes (x + 35*46) gms. of calcium 
chloride, 


1 grn. of calcium oxide becomes 


X + 35*46 
X + S 


gms. of calcium chloride. 


Thus from the experimental results 
X + 35*46 


X S 
l*981a; — x 


X = 


= 1*981 

: 35*46 ~ 8 X 1*981 
35*46 - 15*848 


•981 


= 20 * 012 . 


The equivalent of calcium is therefore 20*012. 


THE ATOMIC THEORY 

36. Dalton’s Atomic Theory. — ^The fundamental chemical laws 
discussed in the earlier part of this chapter gave rise to and are 
explained by the atomic theory. . It had been supposed from time 
to time during the preceding 2,000 years that matter was composed 
of atoms, and these chemical laws gave a most convincing piece of 
evidence that matter behaved as if it had an atomic structure. 

Dalton^s original assumptions, published in 1807, were that : — 

(1) Atoms are real separate material particles which cannot be 
subdivided by any known chemical process. 

(2) Atoms of the same element are similar to one another in all 
respects, and equal in weight. 

(3) Atoms of different elements have different properties— weight, 
affinity, etc. 
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(4) Compounds are formed by the union of atoms of different 
elements in simple numerical proportions, such as 1 : 1, 1 : 2, 1 : 3, etc. 

These assumptions have had to be modified since Dalton’s time, 
and the part of his work which may be still regarded as valid is com- 
prised in the following statement of the atomic theory in its simplest 
form. 

Every element is made up of atoms which do not undergo sub- 
division during chemical reactions. The atoms of any one element 
are constant in weight and exactly alike, ^ but atoms of different 
elements differ in weight and other properties. Chemical compounds 
are formed by the union of the atoms of different elements in fixed 
integral numerical proportions. 

The chief piece of evidence available for the atomic theory in 
Dalton’s time was its complete explanation of the fundamental 
chemical laws, and since his tirne not only have the facts explained 
by the atomic theory greatly increased in number, but convincing 
physical demonstrations (pp. 159 seq,) of the real existence of the 
atoms have placed the theory beyond all reasonable doubt. 

37. Chemical Symbols and Nomenclature. — Since the atomic 
theory postulated that all the molecules of each particular com- 
pound are made up of the same fixed numbers of the same kind of 
atoms, it was from the first found convenient to have a simple 
means of symbolising the numbers and kinds of atoms which make 
up a particular kind of molecule. Dalton invented a rather clumsy 
symbolism which was only suited to simple compounds, but this 
was soon replaced by the modern system. 

The atoms of the various chemical elements are represented by 
symbols derived from the initial letters of the name of the element. 

A few examples may be given here, illustrating the way in which 


these symbols have been derived : — 

Element. 

Symbol. 

Arsenic . 

. As 

Boron . 

. B 

Chlorine 

. Cl 

Gold . 

. Au (Lat. aurum) 

Iron 

. Fe (Lat. ferrum) 

Oxygen 

. 0 

Potassium 

. K (German ^ : Kalium ; Arabic 


qally) 

Tungsten 

. W (Wolfram) 

Zinc 

. Zn. 


1 But see § 148, 

* Such words as kalium, aluminium, eto„ can hardly be called Latin, 
diough formed on the Latin model. 
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A full list of these symbols is given on pp. 175-177. 

It is important to realise just what these symbols mean. It is 
often loosely said that Cu is the symbol for copper, or H for hydrogen. 
Cu does not mean ‘ copper,* but has the more definite meaning of 
‘ one atom of copper.’ 

Where reference is made to two or more atoms combined or 
united in a compound, a subscript figure is added to the symbol. 
Thus O 2 means two atoms of oxygen chemically combined. If it 
is desired to express symbolically two uncombined atoms or mole- 
cules, a prefixed figure is used. Thus 2Hg means two separate 
atoms of mercury. 

Compounds are represented by the symbols for the elements 
which compose them, together with the necessary prefixes or 
suffixes required to show the number of such atoms. 

Thus the symbol ^6304 means ‘ one molecule made up of three 
atoms of iron and four atoms of oxygen.* 

The arrangement of the atoms in the molecule is conveyed by 
various devices. A bracket is often used to surround a group of 
atoms which behaves chemically as a single unit, and suffixes and 
prefixes may bo added to such a bracket. Thus Al 2 (S 04)3 means 
‘ one molecule containing tw'o atoms of aluminium and three groups 
of atoms each consisting of one sulphur atom and four oxygen 
atoms.* This way of writing the formula implies that the oxygen 
and sulphur bear a more intimate relation to each other than they 
do to the rest of the molecule. 

A particularly loose kind of combination between compounds is 
conveyed by separating the formulae of the compounds by a full 
stop. Thus alum is a loose compound of potassium sulphate, 
aluminium sulphate and water, and its formula is written — 

K2SO4 . Al 2 (S 04 )s . 24H2O. 

88 . Eqaations. — ^A chemical change is represented by a chemical 
equation. In addition to the symbols already mentioned, the 
equation employs the symbol +, which has the meaning of * reacts 
with,* and =, which means ‘ combine, forming an equal weight of.’ 

The equation 

Hg + CI 2 = 2HC1 

therefore symbolises the statement that ‘ when hydrogen and 
chlorine react, one molecule of hydrogen reacts with one molecule of 
chlorine forming two molecules of hydrogen chloride.* 

The sign is often used in place of =. An equation with the 
sign ^ represents two simultaneous chemical changes in opposite 
senses. Thus 


2Hg + Og ^ 2HgO 
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is a more concise way of expressing the two changes 

2Hg + 02 = 2HgO 
2HgO - 2Hg + O 2 

proceeding simultaneously. 

The signs f and | are conveniently used to express the fact that 
a product of a chemical change is evolved as vapour (f ) or pre- 
cipitated (I) as an insoluble substance. 

Thus the equation — 

Ca(HC 03)2 = CaCOs ^ + H 2 O + CO, f 

means that ‘ one molecule of calcium bicarbonate decomposes, and 
forms one molecule of calcium carbonate (which is precipitated), one 
molecule of water, and one molecule of carbon dioxide (which is 
evolved as a gas).* 

89. The Atomic Theory and the Fundamental Chemical Laws. — 

As has been stated above, the simple assumptions of the atomic 
theory serve to explain the chemical laws. 

(1) The Conservation of Mass, — If the atoms are to be considered 
as indiyisible and indestructible,^ chemical changes consist merely 
in a rearrangement of these atoms, and no change in mass is to be 
expected as a result of a mere redistribution of bodies, which are 
themselves unchanged. 

(2) The Law of Constant Composition, — ^The atomic theory 
assumes that any compound consists of atoms of certain elements 
united in certain fixed proportions. Suppose that n atoms of the 
element A combine with m atoms of the element B to form the 
smallest particle or molecule of a compound A„ Then, if an 
atom of the element A weighs a gms., and an atom of the element B 
weighs 6 gms., the molecule of the compound weighs na mb gms. 
and the proportion of the elements A and B in the compound are 

na mb 

j and ; 7 respectively. According to the atomic 

na + mo na + rno 

theory, m and n are fixed for any one compound, while a and b 
are also invariable quantities. It follows, then, that the above 
fractions, representing the proportions by weight of the various 
elements in the compounds, are fixed and invariable. 

(3) The Law of Multiple Proportions, — ^Suppose that two elements 
A and B form three different compounds. According to the atomic 
theory these must contain different numerical proportions of A and 
B atoms. Suppose they are (1) A^B^ ; (2) A,,B,,^ ; (3) A^^By. Then 
the proportions by weight of the elements A and B will be : — 

^ But see p. 24, also Ch. XXVI, passim. 
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(1) ca:db 

(2) na : mb 

(3) xa : yh 


i.e., a : -6. 
c 

i.e., a : — o. 
n 

?y, 

I.e., a : • ft. 

X 


where a and ft are the weights of an atom of A and B respectively. 
The weights of the element B combined with a fixed weight (a) 

db mb yb 

of the element A, are, therefore, — — , — . And these are in the 

c n X 


proportion 


d m y 
c* n ^ x^ 


i.e., dnx : mex : yen. 

Now c, </, m, x, y, are whole numbers, since they' represent the 
numbers of atoms in the molecule of a compound, and so their 
products are also whole numbers. It follow^s, then, that where two 
elements (A, B) form several compounds (A^B^, A„B,„, A^B^), 
the weights of one element (B) which combine with a fixed weight 
(a) of the other element (A), are in a proportion represented by small 
integers {dnx, mex, yen), and this is what the law of multiple pro- 
portions asserts. 

(4) Law of Reeiproeal Proportions , — Suppose that the elements 
A, B, C, whose atoms weigh respectively a, ft, c gms., form several 
compounds, which, according to the atomic theory we may regard 
as being made up of molecules containing fixed numbers of A, B and 
C atoms, e,g,, A^B^,^, B^,C^, A^C^. Then, according to the law of 
reciprocal proportions, the weights of the elements B and C, which 
combine with the same fixed weight of the element A, should give 
the proportions by weight in which B and C combine or simple 
multiples of these proportions. 

The proportion by weight of A to B in their compound A^B^ is 


na : mb 
mb 

or a : — , 


The proportion by weight of A to C in their compound A^C^, is 


or 


xa : yc 
ye 


a : 


X 


Then, according to the law of reciprocal proportions, B and 0 
should combine in the proportion 
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rnJb yc 
n ‘ X 

or in some simple multiple or submultiple of this proportion. 

If B and C form a compound B^C^, then the proportions of these 
elements by weight will be ph : qc. 

Now if m, n, x, y, jp, are all small whole numbers as the atomic 

m y 

theory states, the proportion — : - must be simply related to the 

Tl X 

proportion p:q. If the simplest compounds of A, B, and C are 
selected, it often happens that m, w, a:, y, p, q are all equal to one, 
in which case the proportions are identical. 

The atomic theory then gives a complete explanation of the 
fundamental chemical laws, and almost the whole of our chemical 
theory is based upon it. Subsequent discoveries have greatly 
enlarged our knowledge of the atom, and Chapter VII. contains 
some account of the more recent knowledge about its remarkable 
structure and behaviour. 
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The Kinetic Theory 

40. Molecular Motion. — The simple form of the Atomic Theory as 
derived from the fundamental chemical laws discussed in the last 
chapter led to a belief that matter had a discontinuous or atomic 
structure. It led, however, to no knowledge of the way the ultimate 
particles of matter were arranged in space. The discovery of the 
nature of the motions of these particles is a matter to be classified 
as Physics rather than Chemistry, and it will be enough to state the 
conclusions reached. 

According to the kinetic theory matter of every kind under all 
realisable conditions is made up of particles — ^molecules — ^which 
are in rapid motion. The velocity of the particles is greater as their 
mass is less, and an increase of temperature involves and, in fact, 
consists in an increase of this velocity. The character of the motion 
is different in the cases of solids, liquids and gases. 

41. The Nature oi Gases, Liquids and Solids. — ^A gas consists of 
an assemblage of molecules in rapid and chaotic motion. The 

distance between the molecules, of 
course, varies continuously, but the 
average distance between the molecules 
is very much greater than the diameter 
of a single molecule (about 370 times in 

A, average velocity of molecules in gas the Case of OXVCen at N.T.P.). This 
V, root-mean>square velocity. ,,, , ' * 

g distance is expressed by the mean free 

pathf which is the average distance a 
molecule will travel before it collides with another. The velocity of 
the molecules in any mass of gas, again, is not constant but varies 
between zero and very high values. Most of the molecules have 
velocities round about the average value, but a proportion move 
more slowly and a proportion move rapidly. The curve in Fig. 5 
expresses the connection between the velocity of the molecules 
and the number of molecules having that velocity. 

If we call the root^mean-square ^ velocity v then most of the mole- 

^ The root-meaji>square velocity is the square root of the average of the 
squares of the velocities of the separate molecules. It is about 8 per cent, 
greater than the average. 
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cules have a velocity not far from this value ; thus the shaded area 
in Eig. 5 represents the molecules whoso velocities are not more 
than half or twice the root-mean-square. It is to be noted, however, 
that some few molecules are moving much more rapidly, up to two 
and a half times the root-mean-square value, while a few are moving 
much more slowly. 

The actual figures for oxygen at 0° C. and 760 mm. are given 
below. 


Number of molecules per litre 
Average velocity 
Mean free path 
Diameter of an oxygen mole- 
cule 

Number of collisions under- 
gone by each molecule 


= 2-8 X 1022 

= 4*1 X lO^cm./sec. (1342 ft. /sec.) 
=0*00001 cm. 

= 2*7 X 10-® cm. 

= 5,780,000,000 per sec. 


Liquids . — ^The same type of chaotic motion takes place in both 
liquids and gases, but the molecules of liquids are far closer together 
than are those of gases. The mean free path of a molecule of liquid 
is not much more than its own diameter. The molecules are, in 
fact, close enough to be held together by their mutual attraction. 

Solids . — In solids the molecules are in continual vibratory motion 
which has not sufficient amplitude to bring them into contact with 
their neighbours. They vibrate about fixed centres and, although 
they do not touch, they influence each other by molecular attraction. 
The solid state is discussed in more detail in §§ 98-103. 

42. Temperature. — ^According to the kinetic theory the tempera- 
ture of a body is proportional to the mean kinetic energy of transla- 
tion ^ of the molecules. Thus, if the root-mean-square velocity of 
the molecules is u and the mass of the molecules m, the mean kinetic 
energy of the mass of gas is ^mu^. An increase of velocity brings 
about an increase of temperature and vice versa. It follows that if 
the molecules are caused to lose energy (cooled) the process will 
cease when no energy is left and = 0. This will occur when 
the molecules are at rest and it is calculated that this condition of 
rest would correspond to a temperature of — 273® C., absolute zero. 
This temperature has never been reached, the lowest value attained 
being — 272*915° C. It is obviously impossible in practice to reach 
the absolute zero, for this would imply reducing every single mole- 
cule in the substance cooled to a condition of rest and allowing no 
moving molecule to come into contact with it. 


^ Eanetic energy due to the linear motion of the molecule as a whole as 
distinguished from kinetic energy due to rotation, internal motions, etc. 
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The Gas Laws and the Kinetic Theory 


43. Boyle’s Law and Charles’ Law. — Of considerable importance 
to chemical theory are Boyle’s law and Charles’ law, which define 
the relationship between the volume, pressure and temperature of a 
mass of gas. 

Boyle’s law states that if the temperature of a mass of gas remains 
constant, its volume varies inversely as the pressure upon it. 

Expressed mathematically, Boyle’s law states that if p is the pres- 
sure upon a gas and v is its volume, then pv is a constant, or pv = Ic. 

The experimental proof of this is to be found in text-books of 
physics, and the law is found to express the facts accurately where 
very high pressures are not in question and where the gas is well 
above its liquefaction temperature. If we assume the truth of 
the kinetic theory Boyle’s law may be proved theoretically. 


The following proof is not quite rigid, but gives a good idea of the 
general principle. Consider a mass of gas of volume v and pressure v 
and mass M and suppose that one cubic centimetre of this gas is 
contained in a cubical vessel of 1 cm. side and contains n molecules, 
each of velocity u and mass m. 

Since the velocity of the molecules is m cm. per second, each molecule 
collides with a wall of the cube, on an average, u times per second. Its 
momentum, when it rebounds, changes from -j- mu to — mu, and the 
total change is 2mu per collision, and therefore 2mu^ is the total 

change of momentum per second. Now Pressure = - and force 

is measured by the rate of change of momentum. Thus the change of 
momentum of the molecules impinging on imit area in imit time gives 
the pressure. We have imagined the pressure due to this change as 
distributed over two walls of the cube. If we imagine n molecules in the 


space within the cube. 


n 

3 


of these may be regarded as travelling between 


each pair of walls and exerting a pressure due to their change of 
2 

momentum of - . nmw*. Considering the impacts on one single wall, 

O 


the pressure will be ^mnu^. 

But nm = the mass of the gas in a unit cube, which is equal to the 
density p 

P = ipu* 


but 



/. pv = JMw*. 

But if the temperature is constant the kinetic energy of the molecules 
Jmw* is constant and JMw® is also constant. 

and pv ^ a constant {k). 

This proof assiunes that the molecule is infinitely small compared 
with its free path, and also that the molecules have no mutual attraction 
or repulsion. Neither of these eissumptions is true, but at the pressrues 
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usually handled in the laboratory the effects of these slight inaccuracies 
are negligible. With gases at very high pressures and also with gases 
near their temperature of liquefaction these inaccuracies become 
comparatively large. Thus, if we consider a mass of nitrogen such 
that pv = 1 at N.T.P., then at 100 atmospheres pressure pv = 0*991, 
at 400 atm. 1*257, at 1,000 atm. 2*0685. 

The following table shows the character of the deviations from 
Boyle’s law in the case of carbon dioxide at 50° C. 

Pressure in 


atmospheres. 

1 

50 . 

100 

126 . 
160 

400 . 

600 

1,000 . 


pv. 

1*183 

0*920 

0*491 

0*395 

0*419 

0*852 

1*187 

1*814 


As the pressure is increased all gases, except hydrogen and helium, 
at first diminish in volume more than Boyle’s law predicts. This 
phenomenon is due to the attraction of the molecules for each other. 
At very high pressures the gases contract less than would be expected 
owing to the fact that the actual molecules are taking up a large part 
of the actual volxime of the gas and the space for contraction is thereby 
diminished. Several revised gas laws have been put forward by Van 
der Waals, Dieterici and others, which make allowance for these 
changes by introducing two or more constants. 


Charles^ Law (Gay-Lussac’s Law). — The relation between the 
temperature (<) and volume (v) of a gas is given by this law, which 
states that if the pressure of a given mass of gas be kept constant, 
the volume varies directly as the absolute temperature. We may 
express this as 

V 

— = constant. 


General Expression of the Gas Laws, — Boyle’s law and Charles* law 
may be combined in the important expression 


T 


constant 


where P, V, and T are the pressure, volume and temperature of any 
mass of gas. 

44. Correction of Volumes of Oases for Temperature and Pressure. 

— It is frequently required in chemical operations to find the volume 
of a mass of gas at some given temperature and pressure, its volume 
being known under different conditions. This is easily accomplished 
by means of the above expression. If a mass of gas has a volume Vq 
under a pressure P,, at an absolute temperature Tq, and a volume V, 
under a pressure Pj at a temperature T^ 
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Then 1*0^0 = T 0 x A: 

and PiVi = Tj X A. 

P.Vq PiVi 

T„ 1\ • 

Example , — Some oxygen measured at 10° C. and 730 mm. pres- 
sure has a volume of 15*50 c.c. What would be its volume at 0° C. 
and 760 mm. pressure ? 

Po == 730 mm. Vq = 15*5 c.c. 

=:^ 760 mm. = ? 

730 X 15*5 760 X 

283“ “ 273 

730 X 15*5 X 273 
^ 283 X 760 

= 14*36 c.c. 

The volumes of gases are almost always expressed as the volume 
at standard temperature and pressure (S.T.P. or N.T.P.) which is the 
volume which the dry gas would assume at 0° C. and 760 mm. 
pressure. 

45. Gas Densities and Avogadro’s Hypothesis. — ^Early in the nine- 
teenth century it was noticed that there was a connection between 
the density of a gas and its formula, but the uncertainty about the 
atomic weights and formulae which prevailed up to about 1850 
made it difficult to define what the true relationship was. Avogadro, 
in 1811, put forward a hypothesis, which, owing to the difficulty 
of reconciling it with the formulae, etc., then in use, was not adopted 
until Cannizzaro brought it to light again in 1858 in his “ Sketch 
of a Course of Chemical Philosophy.” 

This hypothesis, which is the basis of a great part of chemical 
theory, was to the effect that 

Eanal volumes of gases under the same conditions of temperature 
and pressure contain the same number of molecules. 

This may be deduced from the kinetic theory as stated above. 

Let two equal volumes of two different gases contain respectively n 
and molecules in unit volume and let the masses and root-mean- 
square velocities of these molecules be w, and w, Wj. Both gases 
are at pressure p, so 

p = 

and p = \n{in^u^, 

and so nmw® == (a) 

Since the gases are at the same temperature the kinetic energies of their 
molecules are the same, and 

a=! . • ih\ 


T„ = 283° A. 
Ti = 273° A. 
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And by dividing equation (a) by equation (6) 

n = nj, 

which is the assertion of Avogadro’s hypothesis. 

46. Gay-Lussac’s Law. — ^A remarkable fact which was first 
stated by Gay-Lussac in 1808 is that when gases combine they do 
so in simple proportions by volume. 

Thus 1 volume of oxygen unites with precisely 2 volumes of 
hydrogen forming water ; 2 volumes of ammonia gas react with 
3 volumes of chlorine. 

The above statement is known as Gay-Lussac’s law and is 
accounted for by Avogadro’s law and the Atomic Theory. If the 
numbers of each kind of gas-molecule combining are represented by 
small whole numbers, and the same number of molecules is con- 
tained in the same volume of each reacting gas, then the volumes 
reacting must also be related in the proportion of small whole 
numbers. Suppose that a molecules of gas A react with b molecules 
of gas B and that under the conditions of temperature prevailing 
1 c.c. of each gas contains N molecules. 

a 

a molecules of gas are contained in ^ c.c. of gas A. 

b molecules of gas are contained in ^ c.c. of gas B. 

a b 

The reacting volumes are therefore c.c. and ^ c.c. and are related 
as a is to b, 

47. Relative Density of Gases and Molecular Weights. — ^With the 
help of Avogadro’s law it is easy to arrive at the molecular weight of 
any substance which can be brought into the gaseous state. 

From the molecular weights of compounds it is possible to arrive 
at the atomic weight of elements, and then to derive our whole 
system of chemical formulae. The only measurement required is 
the determination of the mass and volume of a mass of gas or vapour 
under known conditions of temperature and pressure. 

Before discussing the methods of determining these quantities it 
will be as well to define them in order to be sure that the reader 
knows exactly what is meant by the terms to be used. 

The Atom is the smallest ^ particle of any particular element 
which can take part in a chemical change. 

The Molecule is the smallest particle of a particular form of an 
element or compound which can exist in the free state. 

^ The electron, though a smaller particle, cannot be called a particle of any 
particular element. An ** electron of siilphur’* would be a meaningless 
expression* 
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The Atomic Weight of an element is the ratio of the weight of its 
atom to the weight of an atom of hydrogen (or to one -sixteenth of 
an atom of oxygen). 

The Molecular Weight of an element or compound is the ratio of 
the weight of one molecule of it to the weight of an atom of hydrogen. 

The Density of a Gas relative to Hydrogen is the ratio of the weight 
of a volume of a gas to the weight of the same volume of hydrogen 
under the same conditions of temperature and pressure. 
The gram -molecular weight and gram-atomic weight 
g are the molecular and atomic weights respectively, 
■g expressed in grams. 

1 48. Molecular Weight of Hydrogen.— In order to find 
out the connection between gas densities and molecular 

® weights it is necessary, as will be seen, to discover the 
gjij molecular weight of one gas. We have called the atomic 
^ weight ^ of hydrogen 1, and its molecular weight is 
therefore n X 1-00 if the molecule of hydrogen 
*5 contains n atoms and its formula is H„. To find the 
£ molecular weight of hydrogen it is therefore necessary 
^ to find out its atomicity, the number of atoms in its 

5 molecule. 

o The problem of the discovery of the number of 
o hydrogen atoms in the hydrogen molecule w^as solved 

2 by Amedeo Avogadro in 1811. As has already been 
§ mentioned, his work was rejected at first, largely 
o because the experimental values for gas densities, etc., 
^ current in 1811 were inaccurate and therefore did not 
^ agree with his conclusions. His conclusions were 
CD* revived and shown to be correct by Cannizzaro in 1858. 

6 It is well known that hydrogen combines with 
^ numerous elements and forms many gases and volatile 

hydrides which consist only of hydrogen and the 
element in question. 

Let us suppose that the formula of hydrogen is H^; and the 
symbol of the element it combines with is A. The formula of the 
hydride may be (1) HA„, (2) (3) HgA^, etc. 

Let us write the equation in the first case 

Hjb + xnA = a;HA„. 

One molecule of hydrogen forms x molecules of the hydride. 

^ The system of making oxygen the standard with an atomic weight of 
16*000 is now adopted, in which case hydrogen has atomic weight 1*008. If 
the last value be substituted for 1*000 in the above argument, it remains 
true. 
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By Avogadro’y Law, 

One volume of ]iy(irf)g(m forms .r volumes of the Ijydride. 

In the second eas(* the equation is 

. nA r HaA,,. 

X 

In tills (uise 1 voluiiK* of liydrogen Avill form - volumes of hydride. 
Similarly, if the formula of hydride were the H„;A„, one volume of 

X 

hydrogen would form - volumes of hydrogen. 

So it follows that the greatcM nmnhcr of volumes of a hydride, 
obtainahle from one 'volume of hydrogen is equal to the number of 
atoms in the hydrogen, molecule. 

So our problem is now to find exp(‘rimentally how many volumes 
of various hydrid(‘ ean be formed from om^ volume of hydrogen. 

We may consider th(‘ practical lechniqiu' in the case of chlorine. 

When hydrogen and ('hlorine are mixc'd and subjected to heat 
(as by an eh'ctrie spark) th(\v combine with explosion, forming the 
gas hydrog(‘n chloride. This may b(‘ ])roved (‘xperimontally by 
filling a strong and narrow glass tidie (Fig. (3), provid(‘d at each end 
with stopcocks, with a mixture of hydrogen and chlorine in equal 
volumes. On ])assing a spark by means of the st^aled-in platinum 
wires tlu' mixtun‘ (‘Xplodc's, and aft t cooling, a sto])eock may b(‘ 
ojiened undtT rmu’cury, when gas is not ex})elled nor mercury 
drawn in, showing that no change* <if volume has occurred. That 
hydrogen chloride* has actually been formed may be demonstrated 
by op(*ning the tube under water, when the very soluble gas dissolves 
and wat(*r fills tlu* tula* com])l(‘tely. In this way it may be demon- 
strated that one volume of hydrog(*ti and one volume of chlorine 
combine, forming tfct} volumes of hydrogen chloride*. Many other 
cases have* be*eii stuelied anel some of their re:*sults are* giv'en in the 
table below : — 


j 

Vohmu.' of I loitionf j Voliinn' of liydrogoii 


Voliimi* of hyilrido 


VolutMo f)f hy<lri.le 
I fornuHi from 1 
ivoliiiiu! of hydrouen 


1 vol. < hloriiU‘ ( 1 vol. hydroRoii — >■ 1 vols. hyd n);;on rhiorido '2 voU 

J \oi. bromine v;ij)onr > 1 M)1. ljyiIro;fen — >> 2 voU. hydro,4eii bromide i 2 ,, 

1 \ol. iodine vapt»Mr t J vol. bydrojjen ^ 2 vois. bydr(»}ien io lido i 2 ,, 

Sulj)hiir vnixrnr -i J \ol. hydnijien < — 1 vol. liydrouen Mjlpliide j 1 \ol. 

1 vol. oxyKon I 2 vrds. hydro>?en — 2 vols. steam | 1 ,, 

1 vol. Tdtromm t ;{ vols, liydrojieii ^ ^ 2 ^o}s. ammonia j li ,, 

(Jarbon ! 1 V(j 1, bydrofien — 1 vol. aeetylene | 1 ,, 

Carbon I 2 \ ols. bydrom'n < — I vol. moll ian<‘ i i ,, 
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4(Sb 

Tn ]i() c’ase yet studied does oue A^olume of hydrogen produce more 
than two volumes of hydride, so we conclude that the formula of 
hydrog(‘n is Ho. 

As a confirmation of th(‘ above proof the following argument is 
often given. 

From the residts of the experiment described above it follows 
that one volunu* of hydrogen and one volume of chlorine form two 
volumes of hydrogtm eddoride. 

Let us sup[)ose that one volume of hydrogen contains n molecules 
of hydrogtui. Tluui by Avogadro’s law one volume of chlorine 



IIIa. Manufactxjre of Acid f<^r the Refining op Gold. (Agricola : De 
Re Afetallica, 1553.) Tlie apparatuK is not very different from that in uro 
twelve eenturies earlier and 200 years later. 


[To face p. 49. 
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under the same conditions also contains n molecules and two 
volumes of hydrogen chloride contain 2n molecules. 

Thus n molecules of hydrogen + n molecules chlorine form 2n 
molecules of hydrogen chloride ; and 1 molecule of hydrogen + 1 
molecule of chlorine form 2 molecules of hydrogen chloride. 

Now each molecule of hydrogen chloride contains some hydrogen, 
and the quantity contained cannot be less than one atom. The 
hydrogen in two molecules of hydrogen chloride comes from one, 
molecule of hydrogen, and so a molecule of hydrogen contains twice as 
many atoms of hydrogen as a molecule of hydrogen chloride. 

H^^drogen chloride is an acid, and it is characteristic of acids 
that the hydrogen they contain may be replaced (p. 188) by metals. 
It is also possible to replace this hydrogen partly or wholly. Now, 
if hydrochloric acid had the formula H„C1,^ we could prepare from 
it n sodium compounds, such as NaH,^__j Cl,„ Na 2 H,^_.Ul,y^ . . . 
Na,„ ,HC1,„ Na,An- (Cf. p. 198.) 

Now it is actually possible to prei)are only one sodium salt of 
hydrochloric acid (common salt), and there can, therefore, only be 
one hydrogen atom in the hydrochloric acid molecule to be replaced. 
But the hydrogen molecule contains twice as many atoms of hydro- 
gen as the hydrogen chloride molecule, and its formula is therefore 
H,. 

There is also some physical evidence that hydrogen is Hg. Thus the 
ratio of its specific heats at constant volume and constant pressure is 
1*4, a value which indicates a diatomic gas. 

49. Molecular Weight of Gases other than Hydrogen. — The 

molecular weight of hydrogen is known to be 2 ; for the atomic 
weight of hydrogen is assumed to be 1, as standard of atomic weight,^ 
and the arguments adduced in § 48 show that the molecule of hydro- 
gen contains two atoms. The gram-molecular weight of hydrogen 
is therefore 2 gms. Now it may be shown by an experimental 
determination of the density of the gas that 2 gms. of hydrogen at 
N.T.P. occupy a volume of 22-412 litres. 

Suppose that 22-412 litres of hydrogen contain n molecules of 
hydrogen. Then by Avogadro’s law 22-412 litres of any other gas 
contain n molecules of that gas. 

Suppose that 22-412 litres of this gas, measured at S.T.P., weigh 

w 

tv gms. Then each molecule weighs — gms. 

n 

2 

But a molecule of hydrogen weighs ^gms. 

^ If the oxygen standard O » 16 is adopted, the figure 1 *008 for the atomic 
weight and relative density of hydrogen and 2*016 for its molecular weight 
are to be substituted in the above arguments. 
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The weight of a molecule of the gas w 2 w 

The weight of a molecule of hydrogen n * n 2 ’ 

The weight of a molecule of the gas 
The weight of an atom of hydrogen 


It follows that the molecular weight of a gas is numerically egual to 
the weight in grams of 22*412 litres of the gas measured at N.T.P. 

60. Gas Density. — ^The relative density of a gas referred to hydro- 
gen is the ratio of the weight of one volume of gas to the weight of 
one volume of hydrogen, both measured at N.T.P. 

Using the same symbols as above. 


. Weight of 22*4 litres of gas at N.T.P. w 

Gas density = height of 22-4 litres of hydrogen at N.T.P. "" 2* 


We have shown that the molecular weight of the gas is w and 
consequently 

The molecular weight of a gas is twice the relative density of the 
gas at K.T.P. referred to hydrogen as unity. 

51. Determination of the Molecular Weight of a Permanent Gas. — 

To find the molecular weight of a gas we require to know the weight 
of a given volume of it at N.T.P. It is very diflScult to conduct the 
experiment under these conditions, and in practice a known volume 
of the gas (v c.c.) is weighed (weight = w gms.) at a known tempera- 
ture t® C. and known pressure jp mm. of mercury. The volume of the 


273 p 

gas at N.T.P. is then v x 273 I jr* ^ 709 weight of 22*4 litres 

w X 22,400 X (273 + t) X 760 

— gms. This quantity 


of it at N.T.P. is 


v X 273 X p 


is the gram -molecular weight. 

The practical details of an experiment of this kind vary enor- 
mously according to the degree of accuracy required. The diffi- 
culties arise from the fact that a mass of gas is always very light 
compared with the weight of its container. 

Some of the precautions required for accurate weighings of this 
kind are described in the section on the atomic weight of hydrogen. 


An example of the method of calculating the molecular weight of a 
gas from its weight and volume may here be given. 

Example* — An evcuivated vessel weighed against a counterpoise and then 
filled with oxygen at 16° O. and 740 mm, pressure and weighed again^ 
gained in weight by 0*4663 gm. The volume of the vessel was found to be 
354*9 c.c. 

0*4663 gm. of oxygen occupies 354*9 c.c. at 16° 0. and 740 mm. 

740 273 

.*« At 0° O. and 760 mm. 364*9 X x o.o. is the volume of 

760 289 

0*4663 gm. of oxygen. 
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/. 22*4 litres in the volume of 


0-4663 X 22400 x 760 x 289 
364-9 X 740 x 273 


oxygen at N.T.P. = 32-0 gms. 

the molecular weight of oxygen is 32. 


gm. 


52. Molecular Weight of Volatile Liguids and Solids. — ^The prin« 



Fio. 7. — ^Victor Meyer’s apparatus Fig. 8. — ^Dumas* method for the de- 
fer the determination of the density termination of the density of a 

of a vapour. vapour. 


ciple of the method described above may be applied not only to 
permanent gases but also to volatile liquids or solids, which far 
exceed the gases in number. Direct weighing of a fixed volume of 

S 2 
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gas is a method obviously unsuitable for finding the density of a 
vapour which condenses at room temperature, and for these several 
other methods have been devised. Among these the methods of 
Victor Meyer, Dumas and Hoffman are of conspicuous importance. 


Victor Mey&r^s Method of Determining Molecular Weights. — In order 
to discover the molecular weight of a volatile compound it is necessary 
to convert it into vapour and measure the weight, volume, tempera- 
ture and pressure of this vapour. In the Victor Meyer apparatxis the 
vapour produced by the evaporation of a known weight of liquid 
is made to displace its own volume of air which is measured under 
known conditions. The apparatus is that shown in Fig, 7. A very 
small bottle is weighed, filled with the volatile liquid and weighed 
again, thus obtaining the weight (w) of liquid used. The jacket is 
partly filled with a liquid with a boiling point some 30®-40° higher than 
that of the substance to bo vaporised. The liquid in the jacket is sot 
boiling and the tube is stoppered. Wlien air has ceased to issue 
from the delivery tube, the measuring tube is set over its orifice, the 
stopper removed and the bottle dropped into the bulb. The stopper 
is at once replaced. The liquid in the bottle vaporises and forms a 
vapour at the temperature of the hot jacket. This displaces its own 
volume of hot air, which passers into the graduated tube and then 
contracts to a volume (v) identical with the volume the vapour would 
have at the temperature (t) and pressure (p) prevailing in the graduated 
tube. None of the vapour reaches the cool i)art of the tube, for the 
vapour is of sufficient volume to fill only a part of the inner bulb, and is 
always a good deal heavier than air. 

The volume of the vapour measured at N.T.P. is then 

273p?? 

(273 + t) 760 


T}\e weight of the vapour is w gms. 

The gram -molecular weight is equal to the weight of 22,400 c.c. of the 
vapour at N.T.P. (§ 49) 


213pv 


(273 4- 0 760 


c.c. of the vapour at N.T.P. weigh w gms. 


/, 22,400 c.c. weigh 


w X 22,400 (273 + t) 760 
213pv 


gms.j 


and this latter figure is the gram-molecular weight. * 

Dumas' Method of Determining Molecular Weights. — The principle of 
this method is the weighing of a volume of vapour measured at an 
elevated temperature. The apparatus is shown in Fig. 8. A large 
bulb with a long pointed neck is weighed It is then warmed 

and the orifice dipped into the liquid of which the vapour density is to 
be determined. When some 10~12 c.c. of the latter have been drawn 
into the bulb, it is removed and clamped under water (or other liquid) 
so that only the point protrudes. The water is heated until the liquid 
boils rapidly and is then kept at a constant temperature t. measured by 
a thermometer in the bath. When no liquid remains in the bulb (as 
shown by vapour ceasing to issue) the orifice is sealed without removing 
the bulb from the path. It is now full of vapour at the temperature {t) 
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of the bath and the prevailing atmospheric pressure (p). The bulb is 
now removed, dried, allowed to cool and weighed (weight of the bulb 
full of vapour = 

The volume of the bulb is next determined by opening it under water, 
which rushes in and fills it. By weighing the bulb 
so filled its volume v is easily obtained. 

The weight of the vapour is where 

d is the density of air (referred to water) at the 
temperature and pressure at which the bulb was 
weighed. The term vd is introduced to allow for 
the buoyancy of the sealed bulb, which appears 
less in weight by the weight of the volume of air 
it displaces. 

The volume of the vapour is at a temperature t 
and pressure p. The calculation is performed as in 
Victor Meyer’s method. 

Hoffman's Method^ which will not be described 
in detail, consists in allowing a bottle (as in 
Fig. 9) containing w gms. of a volatile sub- 
stance to rise into a graduated barometer tube 
maintained by a jacket at C. On vaporisation 
of the substance the mercury falls, the vapour 
occupying a volume indicated by the graduations 
as V o.c. The pressure p is given by the difference 
between the height of the mercury column and the 
height of the barometer. The quantities w?, v, p, t 
being known, the molecular weight is calculated 
as before. The chief experimental precautions are 
to be directed towards the thorough drying of the 
mercury and tube. 

53. Diffusion of Gases. — An entirely different 
method of determining gas densities is based on 
the phenomenon of diffusion. 

Diffusion takes place in both liquids and 
gases, and to some extent also in certain solids. 

If a jar of hydrogen be placed mouth downward 
over a jar of oxygen the lighter gas does not 

remain on top of the heavier one. The 

molecules, continually in chaotic motion, become t, ^ xr « 
mixed, and after a lapse of time the gas 
becomes uniform in composition throughout. 

Liquids and solids in solution diffuse in the 
same way but more slowly. A piece of copper 
sulphate dropped into a beaker of water will dissolve and slowly 
diffuse upward ; but if the beaker be kept at constant temperature 
(to avoid convection currents) it will be months before the copper 
sulphate is evenly distributed through the water. Even solids diffuse 
to some extent.'w Gold will diffuse into lead and carbon into iron, but 
most solids diffuse only to an immeasurably small extent, if at all. 


s 

method for the 
determination of 
the density of a 
vapour. 
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The rate of diffusion of gases was first studied by Graham. He 
did not study the rate at which two gases mix, but rather the rate at 
w^hich gases will pass through a partition of porous material such as 
pipe-clay or porous earthenware. Graham found that the relative 
speeds of diffusion of gases are inversely proportional to the square roots 
of their respective densities. 

Thus, if 100 c.c. of oxygen (relative density 16) passed through a 


porous pot in a given time, then 


100 X \/l6 

vT 


C.C. 


400 c.c. of 


hydrogen (relative density 1) would pass through the same pot in the 
same time under the same conditions. 


That this must be so, can be seen from the kinetic theory. 

The kinetic energy of all molecules at the same temperature is the 
same, Jmv*. 

/. if two molecules have masses and velocities t?i, v. 


Equal volumes of gases contain the same number (say n) molecules 
and the weights of equal volumes of these gases are therefore nm^, nm^. 
But the weight of a given volume is the density of a gas 


nm^ 

d, r/ 

Consider a porous vessel with a number of minute apertures each 
•001’ mm, in diameter. The size of the molecule will not affect its 
chances of escape, for each hole is about ten thousand times as wide as 
a molecule. The chance of a molecule going through any particular 
hole is proportional to its chance of hitting it. If a molecule travels 
at twice the speed of another it will hit the side of the vessel twice 
as often and have twice the chance of finding the hole. The number 
of molecules of any one kind p€issing through the hole is proportional 
to their chance of hitting it, i.e., to their velocity. Accordingly, if r is 

the rate of diffusion v = kr. We have seen that ~ ^ 

dg Vg* 


and so 


dg 

d. 






which is Graham’s law of diffusion. 


The phenomenon may be illustrated by a well>known experiment. 
A porous pot is connected with a U-tube containing a coloured 
liquid as indicator and is surrounded first with a beaker of carbon 
dioxide, which is heavier than air, then with a beaker of hydrogen. 
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which is lighter than air. In the first case the lighter air diffuses 
out of the pot quicker than the heavier carbon dioxide diffuses in, 
and the reduction of pressure is shown by the motion of the liquid. 
In the second case (B) the hydrogen diffuses into the pot quicker than 
the air diffuses out and the pressure in the pot is raised. 

^4. Applications of Graham’s Law. — Two practical uses of this 
law have been made : (1) For the separation of mixed gases. 
(2) For the determination of the density of gases. 

( 1 ) If a mixture of two gases of different densities is passed through 



Fig. 10. — Experiments illustrating Fio. 11. — Determination of the den* 

Graham’s Law of Diffusion. sity of a gas by its rate of effusion. 


a porous tube, the lighter gas will pass through more quickly than 
the heavier. Thus, if a mixture of hydrogen and oxygen (as 
obtained by the electrolysis of water) be allowed to pass through a 
long clay pipe stem and is then collected over water the resultant 
gas will contain so little hydrogen that it will not explode. 

The method has been applied to the separation of the isotopes 
(§ 148) of neon, which have densities 10 and 11 respectively. Their 


rates of diffusion are then as ^ * 0*953. This very 

small difference makes it necessary to perform many diffusions 
before obtaining any measurable separation, but in spite of these 
difficulties a measurable degree of separation has been obtained. 
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55. Determination of the Relative Density oi a Gas from its Rate 
of Effusion. — ^The relative density of a gas may be determined by 
measurement of the rate of diffusion, but the analogous rate of 
effusion is more often employed. Graham’s law applies equally to 
the rates of diffusion and effusion, which is the rate at which a gas, 
when impelled by pressure, escapes through a minute aperture. 
The apparatus shown in Eig. 11 is often employed. 

A wide tube has two constrictions (A, B) marked with lines. The 
top of the tube has fitted to it two tubes and stopcocks, through one 
of which gas can be forced into the tube while the other communi- 
cates with a piece of platinum foil pierced with a minute hole, H. 
The tube is filled first with a gas of known density. The stopcock, C, 
is closed and D opened, and the time (fj) needed for the escape of the 
gas from the part of the tube between the constrictions B and A is 
noted. The air is then completely replaced by the gas to be 
measured, and the time (^ 2 ) needed for the same volume of gas 
to escape is noted. The rate of effusion is the volume escaping 
divided by the time. Thus, using the formula obtained (d^, are the 
density and time of escape for air, dg, <2 ^nr the gas to be measured), 



Thus, if the air (density 14*4) escaped in 152 seconds and the gas in 
219 seconds the density of the latter is given by 

, 14-4 X 219* 

^ “ 152* 

== 29-9. 

The molecular weight of the gas would be twice this value, i.c., 
59-8. 


MoLBcnjLAB Weights of Substances m Solution 

56. The Nature and Measurement of Osmotic Pressure. — ^It has been 
found that certain substances, such as the membranes of animals and 
plants, allow water to pass through them but do not allow other sub- 
stances dissolved in the water to do so. Membranes of this kind are said 
to be semipermeable. Now it is found that if two solutions of the same 
substance but of different strength are separated by a semipermeable 
membrane tJiey tend to equalise their sirmgths by the passage of the 
solvent through the membrane. 
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The force tending to drive the solvent through the membrane is 
‘ called osmotic pressure and the passage of the solvent is called osmosis^ 
The process may be easily demonstrated as follows : A piece of pig’s 
bladder is tied over the end of a thistle funnel and the joint made 
thoroughly water-tight with marine glue. The globe of the funnel is 
filled with sugar solution (A) and it is immersed in water (B). We have 
here a strong solution and an infinitely weak solution separated by a 
somipermeable membrane. The process of osmosis will tend to equalise 
the strengths of these solutions and the osmotic pressure of the solution 
A acting in all directions increases its volume, and water flows in through 
the membrane. The liquid rises in the tube until the hydrostatic 
pressure of the solution, acting downward, is equal to the osmotic 
pressure, acting upward. If this apparatus could be made quite free 
from leakage the osmotic pressure of sugar solution could be determined 
in gm./crn.* by measuring the height (CD) of the column of the liquid, 
and multiplying it by the density of the sugar solution. 



Fio. 12. — Movement due to 
Osmotic Pressure. 



Animal membranes are always very prone to leakage, but Pfeffor 
(1877) constructed a new type of membrane by depositing copper ferro- 
cyanide in the pores of a porous pot. The pot is carefully freed from 
air, filled with dilute copper sulphate solution and immersed in 
potassium ferrocyanide solution. These meet in the interstices of the 
pot and there precipitate the slimy colloidal copper ferrocyanide. 
This forms an admirable semipermeable membrane and it^ is so well 
supported by the fabric of the pot that it will stand a pressure of several 
atmospheres. The prepared porous pot is fitted by a strong adapter to 
a manometer which measures the pressures produced. In this way 
osmotic pressures have been measured with considerable accuracy. 

When Pfeffer measured the osmotic pressures of various solutions he 
found the remarkable fact that, if a given weight of a substance be dis- 
solved to form a given volume, of solution, the osmotic pressure of this 
solution will be the same as the gas pressure v hich would be exerted by 
the same weight, of the substance in the form of gas confined in a 
space of volume, both measurements being c ade at the same tempera- 
ture. 

Thus, for example, Pfeffei found that a 1 per cent, cane-sugar 
solution had an osmotic pressure of 605 mm. of merciny at 6*8*^ C. 
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Imagine the same weight of cane-sugar (1 gm.) in the form of a gas 
occupying 100 c,c. volume at 6*8® C. If cane-sugar were a gas the 
gram-molecular weight, 342 gms., would occupy 22*4 litres at 760 mm. 
pressure at 0° C. 

279*8 

And 342 gms. would occupy 22*4 X — 1. at 6*8® C. and 760 mm. 

273 

pressure. 

1 gm. would occupy this voltime at mm. pressure. 

o42 

1 , , . 760 X 22*4 X 279*8 

1 gm. would occupy 100 c.c. at — ; - ■ ; ■■■■- 610 mm. 

^ 342 X *1 X 273 

In view of the difficulty of accurate osmotic pressure determina- 
tions the agreement between the experimental value, 605 mm. and 
the calculated value, 610 mm. is very close. 

The cause of osmotic pressure is usually taken to be the kinetic motion 
of the particles of a substance dissolved in a liquid. Just as a gas 
expands to fill any space and exerts pressure on the walls retaining it 
as a result of the blows of the molecules upon them, so also does a dis- 
solved substance exert a pressure by reason of the blows of its molecules. 

If it is asked why a solution of salt with an osmotic pressure of 50 
atmospheres does not burst the fragile glass bottle in which it is kept, 
it should be realised that the pressure is tending to increase the volume 
of the liquid and can only be exerted within the liquid. The tendency 
of the liquid to increase in volume is balanced by a corresponding strain 
existing in the liquid and can only manifest itself if some means is 
provided, e.g,, a semipermeable membrane, by which solvent can enter 
and the volume of the liquid increase. 

This bombardment theory of osmotic pressure is not everywhere 
accepted. The “ vapour sieve ’* theory of Callendar has much to 
recommend it. In this theory it is supposed that the semipermeable 
membrane contains minute pores through which the vapour of the 
solvent can pass. The vapour pressure of the solution is lower than 
that of the solvent at the same temperature, and consequently the 
solvent evaporates from the weaker solution and condenses in the 
stronger imtil the concentrations of both are the same. For a discussion 
of the merits of these theories, a work on Physical Chemistry should be 
consulted. 

57. Osmptio Pressure and Molecular Weights. — ^The significance of 
this discovery is that it affords a method of finding the molecular weight 
of a substance which cannot be volatilised. If we know that a solution 
containing a weight w gms. of a substance dissolved so as to form v c.c. 
of solution at i® C. has an osmotic pressure of p atmospheres ; then 
w gms. of the substance at a temperature f® and pressure p atm. would 
have a volume of v c.c. if it could be obtained in the form of a gas, and 
we can calculate the molecular weight by the usual methods (§ 61). 

Let us suppose that a 0*2 per cent, solution of a solid has an osmotic 
pressure of 66 cm, of mercury at 20® C. ; and that we wish to find its 
molecular weight. 

0*2 gm. of solid in 100 c.c. solution at 20® C. has an osmotic pressure 
of 66 cm. of mercury. 

Then 0*2 gm. of the substance as a gas at 20® C. at a pressure of 65 cm. 
mercury would have a volume of 100 c.c. 
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And 0*2 gm. at 0° C. and 76 cm. /Hg pressure would have a volume of 


293 76 


c.c. 


22*4 litres would be the volume of 


0-2 X 22,400 X 293 X 76 
100 X 273 X 65 


gms. 


Molecular weight = 66-4 approx. 

The method is rarely used owing to the superior accuracy and sim- 
plicity of the methods which follow, but is of great theoretical interest. 

58. Osmotio Pressure and Vapour Pressure. — It may be shown that 
there is a necessary connection between the osmotic pressure of a solution 
and its vapour pressure. It is not thought necessary to give the proof 
here, but the conclusion reached theoretically and confirmed by experi- 
ment is that the difference between the vapour pressure of the pure solvent 
and the vapour pressure of a dilute solution is proportional to the osmotic 
pressure of the solution in question. The osmotic pressure of a solution 
of a given strength is inversely proportional to the molecular weight 
and, accordingly, the lowering of vapour pressure resulting from the 
addition of a given weight of solute to a given volume of solvent is inversely 
proportional to the molecular weight of the solute. 

Now two easily measurable quantities, the boiling point and the 
freezing point, depend upon the vapour pressure. The boiling point 
is the temperature at which the vapour pressure of the liquid in question 
becomes equal to the vapour pressure of the atmosphere ; and the 
freezing point of an aqueous solution is the point at which the vapour 
pressure of the solid solvent and the liquid solvent are the same. It 
follows then that the lowering of the freezing point and the raising of 
the boiling point of a solution -of given strength are inversely 
proportional to the molecular weight of the solute. 

If we express this mathematically we may say that if a solution of 
given concentration boils or freezes at t^^ C. while the pure solvent boils 


or freezes at t^ 0. t 



w ~ for a solution of given concentration and 
M 


Extending this to a solution of any concentration, say w gms. per 
Sc.c. 


We have 


t 


cw 

MS 


where c is a constant depending upon several factors, the units employed, 
and the latent heat of fusion or vaporisation of the solvent. 

If c is determined by experiment (or theoretically), M, the molecular 
weight of a dissolved substance is readily determined by measuring the 
change in the boiling or freezing point (1 t^) when w gms. of the 

substance are added to 100 c.c. of solvent. 

59. Boiling Point or BbuUiosoopio Method. — ^The accurate measure- 
ment of a boiling point accurate to 0*01° C. or less is difficult owing to 
the tendency of the liquid to superheat. Several methods have been 
devised, of which that of Beckmann (Fig. 14) is the easiest to under- 
stand, if not to use.^ A weighed amoimt of the solvent (S gms.) is placed 
in the inner tube T, which contains platinum tetrahedra, garnets, etc., 
to ensure regular boiling and thorough mixing of liquid and vapour. A 
water-cooled tube (c) condenses the vapour and returns the liquid to the 
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central tube. The boiling point (0 is measured by a Beckmann ther- 
mometer graduated over a range of 6° C. in hundredths of a degree. 
The mercury is adjustable to allow of any range of 6° C. being covered. 
A weighed pellet of the solid {w gms.) is then added through the side tube 





Fig. 14. — Determination of Molecular Fio. 16. — Determination of 
Weight by the Ebullioscopic Method. Molecular Weight by the 

Cryoscopic Method. 

S and the boiling point (f') again read. From the formula established 
above 



where c is a constant (620 for water) and M is the molecular weight of 
the solid added. 

60. Freezing Point or Cryoscopic Method. — ^The apparatus is shown 
in Fig. 16. 

S gms. of the solvent are weighed into the inner tube and in this is 
plaoed the Beckmann thermometer. The tube is enclosed in an air 
jacket, which is surrounded by a freezing mixture. The solvent is 
stirred steadily by means of the stirrer, and the mercury thread 
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watched. This falls until a point a little below the true freezing 
point is reached, when freezing occurs. It then rises and remains steady 
at the freezing point t, A pellet of solvent, weight w gms., is dissolved in 
the solvent by removing the inner tube, warming it, and stirring. The 
new freezing point is then determined in the same way as before, 

Then t -- as before, c in this case being 1,860 for water. 

SM 

Cryoacopic and Ebullioacopic Conatanta for Some Solvents 

If ^ is the change of boiling or freezing point of S gms. of a solvent 
when w gms. of solute of molecular weight M are dissolved in it, then 

t = if c has the value given below. 


Solvent. 

Cryoacopic constant (e). 

Ebullioscopic constant (e). 

Water 


1,850 

620 

Acetic acid 


3,900 

3,070 

Benzene 


6,000 

2,660 

Phenol 


7,300 

3,600 

Chloroform 


— 

3,880 

Acetone 



1,670 


Atomio Weights. 

61. Atomic Weights, Combining Weights and Valency. — We have 
seen in Chapter II. how the combining weight of an element is deter- 
mined. We may now survey the methods by which we can deter- 
mine the atomic weight. 

Let us suppose that an element (A) forms with hydrogen a 
compound the formula of which we do not know. Evidence such 
as that detailed in § 48 makes it likely that one hydrogen atom 
never combines with more than one atom of any other kind.^ The 
formula of our hydrogen compound may then be AH, AH^, AHg, 
AH4, etc. 

Now the equivalent weight of A is the weight of it which combines 
with 1 part by weight of hydrogen. It follows then that if we call 
the weight of a hydrogen atom 1, and the weight of an A atom 
expressed in the same unit a, then the equivalent (the weight 
of A combined with 1 part by weight of hydrogen) will be a if 

a 

(he formula of its hydrogen compound is AH, ^ if (he formula is 
AH,, - when the formula is AH,. 

93 

^ HN, hydrazoic acid seems to be the sole exception. 
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Now the number of hydrogen atoms with which an atom of an 
element combines is called the valency (v), and the weight a of an 
atom of A, expressed in terms of the weight of an atom of hydrogen, 
is called the atomic weight of the element. 

We see than that if the valency of an element is v and its atomic 

a 

weight is a, its combining weight is - . 

We assume and are confirmed by experiment in thinking that one 
hydrogen atom never combines with more than one atom of another 
element. From the definition of valency and the fact that atoms 
are indivisible we may deduce that the valency of an element is a 
small whole number. We have then 


Atomic weight 
Combining weight 


= a small whole number. 


or atomic weight ~ combining weight x a small whole number. 

The importance of this result lies in the fact that the combining 
weight can be determined with great exactness by analytical 
methods, while the methods which give the atomic weight directly 
give only an approximate result. But if an ap'proxirmte value is 
obtained for the atomic weight, this will be enough to indicate the 
small whole number by which the combining weight must be multi- 
plied to give the exact result. Thus the combining weight of an 
element might be found to be exactly 9*01 . Approximate values for 
the atomic weight obtained by, say, Dulong and Petit's law (§ 63) 
might give a figure of 28. We then have 

28 (approx.) = 9-01 X a small whole number. 

The small whole number (i.e., the valency) must then be 3 and the 
exact atomic weight 3 X 9-01 = 27-03. 

The practical methods available for getting a more or less approxi- 
mate value for the atomic weight include : — 

(1) The consideration of the molecular weights and composition of 
a number of volatile (or soluble) compounds of the element. 

(2) Dulong and Petit’s law. 

(3) Evidence drawn from the periodic table and X-ray spectra. 

(4) The use of the mass spectrograph. 

The first three are discussed in this chapter. The last is described 
in Chapter VII. 

62. Molecular Weights and Atomic Weights. — (1) The molecular 
weights of volatile compounds of an element are readily determined 
by the methods of §§ 51-56. 

The percentages of the various elements oontained in these 
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volatile compounds can be obtained by methods which do not require 
any assumption to be made as to the atomic weights of these 
elements. 

Suppose a compound of elements A and B exists. Let its formula 
be A^B^, If a is the atomic weight of element A, and 6 the atomic 
weight of element B, the gram-molecular weight of the compound is 
na + rnh grams. We can find the gram-molecular weight by 
experiment ; let it be M. 

Then na mb ^ M. 

Let us now analyse the compound and assume that we find it 
contains x per cent, of the element A. 

Then the gram-molecular weight of the compound contains 
M X a; 

~“2 qq “ gms. of the element A. But the gram-molecular weight 
contains na gms. of the element. 


Then 


Me 

100 


na 


and since M and x can be found by experiment a value for na is 
obtained. Now n is the number of atoms in a compound and must 
be a whole number and cannot be less than one. 

If then w^e determine the molecular weight and composition of a 
number of different volatile compounds of the same element we shall 
find a number of different values for na. These will all be multiples 
of a, and the least value obtained for na will probably be a, when n 
is one and there is only one atom of the element A in the compound. 
In this way the least weight of an element contained in one molecular 
weight of any compound is probably the atomic weight. 

Since the simplest compounds are the most volatile and so best 
adapted to molecular weight determinations it is very unlikely that 
we should not find one at least of these which contains only one 
atom of the element in its molecule ; none the less, the possibility of 
such an error must not be neglected. 

As an example we may take the determination of the atomic 
weight of carbon. , If we convert carbon into carbon dioxide we find 
that 3 gms. of the former produce 11 gms. of the latter. Thus 8 gms. 
of oxygen combine with 3*00 gms. of carbon, and the combining 
weight of carbon is therefore 3*00. The percentage of carbon in the 
volatile compounds mentioned in the list below may be in every case 
determined by converting them into carbon dioxide, 3/11 of which by 
weight we know to be composed of carbon. 

The last column contains values which are all multiples of 12 
and we assume that the first three compounds contain only one atom 
of carbon, and therefore conclude that the atomic weight is 12. The 
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Compounds. 

M 

Molecular 
Weight (from 
Vapour 
Density). 

X 

Percentage of 
Carbon in the 
Compound. 

na 

Weight of 
Carbon in one 
gm. -molecule. 

Carbon monoxide 

28 

42-9 

12 

Carbon dioxide . 

44 

27-27 

12 

Methane 

16 

75-0 

12 

Ethylene 

28 

86-7 

24 

Benzene 

78 

92-3 

72 


combining weight of carbon is 3*00 and so the atomic weight is 
4 X 3*00 == 12‘00, and the valency is 4. 

This method is applicable to almost all elements, for even the 
metals form a good many volatile organic compounds. It is not, 




Fio. 16. — ^Variation of Atomic Heat with Temperature. 


however, so easily applied to new elements only obtainable in very 
minute quantities, owing to the difficulty of determining vapour 
densities when only minute amounts of material are available. 

63. Dulong and Petit’s Law. — ^Dulong and Petit, as long ago as 
1819, put forward the theory which, expressed in modem form, states 
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that the product of the atomic weight (a) and the specific heat (^) of a 
solid element is approximately equal to 6-4. This law holds for 
the great majority of elements, but notable exceptions are pre- 
sented by carbon, boron, silicon, solid oxygen and hydrogen, and 
to a less extent sulphur and phosphorus. The value as, known as 
the atomic heat, is in fact not constant, and varies with the tempera- 
ture. The specific heats of the elements approach zero as the 
absolute zero of temperature is approached. The atomic heat falls 
with temperature at first slowly, then rapidly, then slowly again. 

The curve for the variation of atomic heat with temperature in the 
case of most elements cuts the temperature range 0®~100® C., 
between which temperatures specific heats are usually determined, 
in its comparatively flat portion (Fig. 16), which lies between the 
atomic heat values 6*0-6*5. A few elements, however, are excep- 
tional and, although their atomic heats do ultimately reach a value 
near the latter figure, they do not do so until very high temperatures 
are reached. Dulong and Petit’s law is, however, a useful guide if its 
limitations are remembered. 

As an example we may take a determination of the atomic weight 
of copper. 

The equivalent of copper is 31*8 ^ and its specific heat at 0® C. is 
009. Then 


atomic weight X specific heat = 6-4 (approx.) 

atomic weight = ^ 

*09 


= 71*1 (approx.) 

/. 31*8 X valency = 71*1 (approx.) 

/. 31*8 X 2 = atomic weight 

/. atomic weight = 63*6. 


In the example taken the specific heat of copper at 100® C. would 
have given a better value, but with a new element one has no guide as 
to the best value to take. Even with the value taken it is quite 
clear that 2 X 31*8 (= 63*6) is much nearer 71*1 than is 1 X 31*8 or 
3 X 31*8, and this is all we need to know. 

64. The Periodic Law. (See Chapter VII. for further details). — 
If the elements are tabulated according to atomic weight and chemi- 
cal properties by the system of Mendeleeff , any new element * must 
have an atomic weight, which will enable it to fit into a vacant space. 
Its atomic weight must then lie bettreen the values of the right-hand 
and left-hand neighbouring elements, or at any rate must not difier 


* O *» 16, not H » 1. 

* That is to say, any element with new chemical properties, not merely an 
isaUtpe of an element s^ady known (see Ch. Vll.). 
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from them by more than one or two units. ^ Its chemical properties 
will help to indicate the space to which it belongs, and, this space 
once decided on, an approximate atomic weight is obtained. 

Thus, suppose the element tin to be newly discovered. One of its 
equivalents is 29*75, and its atomic weight may therefore be 29*75, 
2 X 29*75, 3 X 29*75, 4 X 29*75, 5 X 29*75, etc. Its general like- 
ness to lead would indicate a position in Group IV, and on looking 
at the periodic table we should find that the position in the Table 
indicated for atomic weight 29*75 corresponds to no vacant space but 
is between silicon and phosphorus, typical Group IV. and Group V. 
elements. The value, 59*5 (2 X 29*75) brings us into the iron, 
cobalt, nickel space. Tin has no particular resemblance to these 
elements and there is no room for it unless we suppose the first 
transition period to be longer than the second. The value 89*25 
(3 X 29*75) would place tin between strontium and yttrium in a place 
where the periodic table has no space. The value 119*0 (4 X 29*75) 
finds a space ready for an element with likenesses to lead and 
germanium, which tin undoubtedly possesses. The value, 5 X 
29*76=148*75, would make tin a " rare-earth ’ element ^ and 6 x 29*75 
= 178*5 would give a space which is occupied by hafnium and would 
in any event require an element of Group IVa., like zirconium 
or thorium, with which the valency of 6 which we have assumed 
would be incompatible. 7 X 29*75 = 208*25 would find an empty 
space, but one which should be occupied by a halogen, which might 
have a valency of 7 and some metallic character, but which would 
hardly resemble tin. An element with atomic weight 8 X 29*75 = 
236 would almost certainly be radio-active, which tin is not, and also 
would not have the valency 8 which we are assuming, but probably 
that of 5, lying, as it would, between uranium and thorium. Conse- 
quently we find the only suitable space for our “ new element ** 
indicates a valency of 4 and an atomic weight of 119*0. 

The position of an element in the periodic table may now be 
directly determined from measurements of its X-ray spectrum. 
The position in the x)eriodic table gives the atomic weight within a 
few units, and from this approximate value the valency and the 
exact atomic weight can be obtained. 

65. Physical Methods of Determining Atomic Weights.-yThe measure- 
ment of positive-ray parabolas (§ 148) gives us the atomic weight of an 
element with fair accuracy. 

The mass-spectrograph, as devised by Aston and perfected by him 
and other workers, afEords a method of determining atomic weights 
with accuracy equal to, or surpassing that of the best chemical methods. 

The importance of this method is rapidly increasing ; it is further 

^ Cf. oases of argon and potassium, iodine and tellurium (§{ 1249, 968). 

* Incompatible with a oharaoter or valency of 6* 
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and more fully discussed in § 149. Its merits are its high accuracy, the 
small quantity of material needed and the possibility of using 
imperfectly purified material. 

66. Atomic Weight and the Formulae of Compounds. — ^The pro- 
cess of finding the atomic weight of an element consists then, first of 
finding an approximate value for the atomic weight {w) by the 
methods just detailed. The equivalent (e) of the element is then 
determined and the valency is found from the relation. 


ev = w. 

The valency being known we obtain the formulae of the simpler 
compounds. Thus, in the case of bismuth the equivalent found, 
say, by converting the metal into its oxide is found to be 69*7. The 
atomic weight, as determined by the methods of §§ 62-65, appears 
to be about 207 

69*7 X valency = about 207 
/. valency = 3. 

Bismuth chloride is therefore Bids, oxide BigOg, etc. 

67. Standards o! Atomic Weight. — It is, of course, necessary to 
have a standard of atomic weight. The absolute weight of an atom 
in grams is less than 10“*® gius., and is not known with the same 
degree of exactness as are the relative weights of different kinds of 
atoms. 

Hydrogen was selected by Dalton as the standard of equivalent 
and atomic weights, and for many years was retained as such, its 
atomic weight and equivalent weight being taken as unity, 1*000. 

There is, however, a serious defect in this system. The most 
accurate methods of determining equivalents do not, as a rule, 
employ compounds of hydrogen, and metals do not form any stable 
hydrogen compounds. The equivalents of most elements are deter- 
mined from the composition of their oxides or chlorides, and one of 
these elements is therefore a better standard. If we take hydrogen 
as standard our determination of an equivalent by means of the 
formation of an oxide (p, 68) depends on : 

(1) The knowledge of the equivalent of oxygen. 

(2) The determination of the equivalent of the metal in terms of 
the equivalent of oxygen.. 

Thus if it was found that any small error existed in (1) it would 
affect the majority of atomic weights. 

Moreover, hydrogen is an element rather exceptional in its atomic 
structure, and, if we take it as standard, fewer elements have atomic 
weights approximating to whole numbers than if we take the value 
oxygen «« 16*000. 
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Accordingly, oxygen has been taken as of atomic weight 16*000, 
and of equivalent 8*000. 

Even this standard now requires further definition. Chemical 
determinations take the weight of the average oxygen atom, including 
Qi*, O^®, as 16*0000 ; determinations based on the mass-spectro- 
graph take the mass of the O^® atom as 16*0000. The difierence 
resulting is about one part in a hundred thousand, 

68. Practical Determination of Atomic Weights. — ^The determina- 
tion of an atomic weight is a process which can attain great accuracy. 
The method adopted to find the exact atomic weight of an element 
of which the approximate atomic weight and the valency have 
already been found usually consists of one of the following : — 

(1) A weighed quantity of the element is made to combine with 
an element of known atomic weight to form a compound of known 
formula, and the weight of this compound formed is ascertained. 

Thus, suppose it is found in a certain experiment that 3*4602 gms. 
of a certain tri valent metal X are converted into 4*2031 gms. of the 
oxide XoOa. 

Then “ 2X + 30 = X^Os, 

and if the atomic weight of the metal X be x, 2x gms. of metal form 
2a; + 3 X 16*000 gms. oxide. 

But 3*4602 gms. of metal form 4*4031 gms. oxide. 

2a; + 48 4*4031 

2a; 3*4602 

2a; (4*4031 - 3*4602) = 48 x 3*4602 
48 X 3*4602 
® “ 0 9429 

= 1761. 

(2) The most usual method is to convert a known weight of a com- 
pound of the element into another compound and find the weight of 
this product. 

Thus, let us suppose that 4*0231 gms. of the oxide of a divalent 
element X can be converted into 8*6361 gms. of the sulphate. 


XO + H2SO4 = XSO4 + HaO. 


The atomic weight of the element X may be called a;, that of sulphur 
is very accurately known as 32*06, while that of oxygen is standard 
16*000. 

Then the molecular weight of XO is a; + 16*000, and the molecular 
weight of XSO4 is a; + 32*04 + 4 X 16*000. 
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a: + 16 40231 

X + 96 06 “ 8-6361 

X (8-6361 - 4-0231) == 96-06 x 4-0231 - 16 x 8-6361 
386-4590 - 138-1776 
® - 4-6130 

Atomic weight of X = 53-82. 

The last-mentioned method is in theory less reliable than the first, 
for it necessarily involves the use of other atomic weights beside that 
of the standard oxygen. None the less, it is the most important 
method, and it is therefore very necessary that the atomic weights of 
certain common elements should be known with great accuracy in 
order to aid in the determination of the remainder. Those chiefly 
required are the atomic weights of hydrogen, chlorine, silver, 
nitrogen and sulphur. 

These are known, for reasons to be discussed later, to be approxi- 
mately 1, 35-5, 108, 14 and 32 respectively. The problem is rather 
how to determine them as exactly as possible. 

69. The Atomic Weight of Hydrogen. — Prelimiruiry. — ^Hydrogen 
has the formula Hg, as follows from the arguments of § 48. When 
two parts of hydrogen by volume combine with one part of oxygen 
by volume, two parts of steam by volume are formed. It follows 
then that two molecules of hydrogen combine with one molecule of 
oxygen to form two molecules of steam. The molecule of oxygen 
contains at least two atoms, for it must contribute at least one atom 
to each molecule of steam. That it does not contain more than two 
atoms we conclude from its physical properties (ratio of specific heats 
at constant volume and constant pressure ; evidence of mass 
spectrograph, etc.). We may then say that the formula of water 
must be HgO. 

2H2 + Oj = 2 HaO. 


Let the atomic weight of hydrogen be x. Then in a given weight 
of water : 

Weight of oxygen ^ 32 

' ' Weight of hydrogen 2 X 2a; 

Weight of water 32 -f 4a; 

^ ^ Weight of hydrogen contained in it 4a; 

Weight of water 32 + 4a; 

' ^ Weight of oxygen contained in it 32 ’ 


A great many attempts to determine these ratios have been 
made. The earliest determination of considerable accuracy was 
that of Dumas, who passed carefully purified hydrogen over heated 
copper oxide, forming water and copper. 
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The weight of oxygen in the water was given by the loss of weight 
of the copper oxide, while the weight of hydrogen combining with 
it was given by difference between the weight of water formed 




Fio. 1 7. — ^Morley ’s method for the preparation of pure oxygen. (Inset, 
plan of tubes for drying and purification of the gas.) 


(absorbed by weighed U-tubes containing drying agents) and the 
weight of oxygen obtained as above. The accuracy of this work, 



Fio. 18. — ^Tube con. 
taining palladium 
foil for the ab- 
sorption of hy- 
drogen. 



Fio. 19. — Combustion tube 
used by Morley for the 
synthesis of water. 


described in Chapter IX., has been much surpassed by more modem 
determinations. 
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The most accurate of these were carried out by Morley in 1895 and 
by Noyes in 1907. The former is described in some detail below, 

Morley prepared oxygen by heating purified potassium chlorate 
and removed any impurities (Clg, etc.) by passing the gas through 
three wide tubes. The first was filled with glass beads, wetted with 
strong potassium hydroxide, the second with glass beads wetted with 
sulphuric acid, and the third contained phosphorus pentoxide and 
glass wool. The oxygen was collected in large glass globes, pre- 
viously evacuated, and holding some 10~l8 litres. 

Hydrogen was prepared by the electrolysis of dilute sulphuric 
acid, the gas being passed successively through strong potash, over 
red-hot copper and through three long drying tubes, similar to those 
used for the oxygen. It is very difficult to weigh hydrogen with 
accuracy, for its weight is rarely more than one six-hundredth of the 
globe which contains it, and very small errors in weighing the globe 
become appreciable when their effect on the small weight of hydrogen 
contained in it is considered. Morley accordingly absorbed his 
hydrogen in the metal palladium (§ 1222), which will absorb up 
to 800 times its own volume of the gas . A tube containing palladium 
foil (Fig. 18) was heated to redness, and all other gases were displaced 
from it by a current of the pure hydrogen. The outlet from the 
tube was fused up and it was allowed to cool, hydrogen being 
absorbed. Elaborate precautions were taken to avoid leakage at 
the stopcock. 

Both the oxygen globe and the palladium tube containing the 
nydrogen were weighed, with elaborate precautions to avoid errors 
due to variations in density of the air. Counterpoises were used to 
eliminate the buoyancy effect as far as possible, and the oxygen 
gloves were enclosed in a non-conducting desiccator. 

The globe containing the oxygen and the palladium tube contain- 
ing the hydrogen were connected by ground-joints to an exhausted 
and weighed combustion tube, in which were two platinum jets (a a) 
at which the gases could bum, forming water, and two electrodes (/ f) 
between which a spark could be parsed to light the gases. This 
tube (Fig. 19) was immersed in ice in order to condense the steam 
formed. 

The gases burned and formed steam which condensed, its place 
being taken by more gases. The process continued until some 42 
litres of hydrogen and 21 litres of oxygen had combined. The 
globes and palladium tube were then closed by their stopcocks. 
Some uncombined gas remained in the combustion chamber, and 
this was removed by freezing the water, cooling it to — 18° C., when 
its vapour pressure was negligible, and then pumping out the gas 
remaining. This was collected and analysed by means of a eudio- 



72 


MOLECULAR AND ATOMIC WEIGHTS 


meter (p. 228), and the weight of the oxygen and hydrogen it con- 
tained was deduced from density measurements and subtracted 
from the weights of the gases used. The combustion tube was then 
sealed and weighed. The globe containing oxygen and the tube 
containing hydrogen were weighed with great care, the differences 
between their weights before the experiment and after (with the 
correction mentioned above) giving the weights of ox 3 rgen and of 
hydrogen combining and the weight of the water in the combustion 
tube afforded a further check. 

Morley found that 1*0076 gms. of hydrogen combined with 
8-000 gms. of oxygen. He also determined the ratio of the densi- 
ties of the gases by weighing them in globes, when he obtained 
a ratio, Hg : Og of r0076 : 16-000 in full confirmation of his 



Fig. 20. — ^Noyes’ apparatus for the quantitative synthesis of water. 

other results. If hydrogen and oxygen are both diatomic (pp. 48, 
69), then the ratio of the atomic weights, H : O, is the same as 
that of the molecular weights, Hg : Og, and by Avogadro’s law, these 
are in the same proportions as the densities, t.e., 1*0076 : 16*000. 

A very elaborate investigation was carried out by Noyes in 1908, 
which is of the same degree of accuracy as Morley’s. It is not possible 
to explain the methods fully, but Fig. 20 gives an idea of the method. 
In one of the best series of experiments hydrogen and oxygen were made 
by electrolysis of barium hydroxide solution and purified by passing 

(1) through hard glass tubes containing heated platinised quartz, 

(2) through much caustic potash solution, (3) through condensing 
bulbs to remove moisture, (4) over potash sticks to remove further 
water, (6) over phosphorus pentoxide. The hydrogen, was first 
admitted to an e^austed tube containing cold palladium foil which 
absorbed about 5 gms. of it. This tube was then weighed with great 
care and the fullest precautions as to standardisation of weights, etc. 
The tube was then connected to the pure oxygen supply and the 
palladium heated. The hydrogen absorbed by the palladium burned 
and formed steam which condensed to water in the cooled limb of the 
tube. When combustion was complete the tube and water were weighed, 
thus also giving the weight of the oxygen. The residual gases left in 
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th© tube were recovered and measured and their weights allowed for. 
Noyes’ results indicated a value of 1*0078 for the atomic weight of 
hydrogen. A fault in all these determinations was th© fact, at that 
time unknoim, that isotopes H* and existed (§§ 192a, 193) and that 
the proportions of these in hydrogen compounds is altered by purifica- 
tion. Mass spectrographic methods indicate a value of 1*0081 for 
and 2*01633 H^. These figures agree better with Noyes’ results 

than with Morley’s. 

70. Atomic Weights of Silver, Nitrogen and Chlorine. — Richards and 
his co-workers in America have boon responsible for some of th© best 
values for the atomic weights of these elements. These were given by 

(1) the determination of the weight of silver in a given weight of silver 
chloride ; (2) th© determination of the weight of silver chloride obtained 
from a given weight of ammonium chloi-ido : (3) the determination of 
the weight of silver nitrate formed from a given weight of silver. In 
these three results the atomic weights of silver, nitrogen, hydrogen, 
oxygen and chlorine are concerned. If w© take oxygen as standard 
16*000, and the very accurate value for hydrogen of 1*0076 (Morley) 
there remain three unknown quantities, and w© can obtain three 
equations (p. 74), so that all the atomic weights of silver, nitrogen and 
chlorine are directly known in terms of those of hydrogen and oxygen 
and are independent of each other or of any other determination. 

( 1 ) Silver was prepared by reduction of silver nitrate, which had been 
fifteen times re-crystallised, and was fused on lime in an atmosphere of 
hydrogen (p. 304). This silver was treated with th© purest nitric acid 
and the solution so obtained was diluted and precipitated by highly 
purified common salt solution. The precipitate of silver chloride was 
filtered off through a Gooch crucible, carefully washed, dried and 
weighed with th© most refined precautions. 1*00000 gm. of silver 
yielded 1*32867 gms. of silver chloride. 

(2) Ammonium chloride was prepared in two ways. Ammonium 
sulphate was treated with permanganate in acid solution to oxidise 
organic matter. Ammonia gas was prepared from it by means of pure 
lime and was condensed in the purest hydrochloric acid. It was 
evaporated and sublimed. 

Another sample was prepared from ammonium sulphate obtained 
in' a manner as different as possible, i.e., by th© electrolytic reduction 
of nitric acid, 

Th© ammonium chloride was weighed out with suitable precautions 
and silver nitrate prepared as above was added. The precipitate of 
silver chloride was treated as above and weighed. 1*00000 gm. of silver 
chloride was precipitated by 0*373217 gm. of ammonium chloride. 

(3) Very pure silver nitrate was prepared from nitric acid repeatedly 
redistilled and silver prepared by reduction of silver nitrate previously 
fifteen times recrystallised. The silver was dissolved in th© acid (diluted 
with very pur© water) in a small quartz flask, and th© liquid evaporated 
to dryness in a gentle current of air. 1*00000 part of silver yielded 
1*67497 parts of silver nitrate. 

Th© three ratios obtained as above give us three of the most important 
atomic weights. To quote Richards’s own words {Chem, News, Vol. 99, 
p. 77) ; 

“ The relation of these results to other atomic weights is v©^ far- 
reaching and important. Clearly, they connect th© atomic weight of 
nitrogen with that of hydrogen, silver and chlorine, and therefore, with 
the help of other well-lmown relations, affect the atomic weight of each 
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of these elements in relation to each other. The calculation is very 
simply carried out as follows : Let — 

Ag 

NH«CT 
AgCl 
AgNO, 


“ The three atomic weights supposed to be unknown may be desig- 
nated as follows : Ag = «, Cl = t/, N = 2 . From the work of Morley, 


hydrogen may be taken as 1*0076 if oxygen = 16 (ref. pp. 70, 71). 
Substituting these values in Equations 1, 2 and 3 we obtain the 
following : 

a; + 2 / = flKc (4) 

2 / + 2 + 4*0304 = 6 (a? 4* 2 /) (6) 

a; 4 2 + 48*000 = cx (6) 


“ Substituting in Equation 6 the value of z as found from Equation 6 
we have : 

(c - 1) a; - 6a; + (1 - 6) 2 / = 43*9696, 
but according to Equation 4, y = {a — l)x ; hence — 

_ 43*9696 

* 1 - c - 6 + (1 - 6) (o - 1) ’ ■ ’ ‘ ' ' 

The values o, 6 and c are all known . . 

These are the ratios found by Richards and his co-workers, and 
discussed in paragraphs 1, 2, 3 above. 

“ a (the quantity of silver chloride obtained from 1 gm. of silver) was 
found by Richards and Wells to be 1*32867 . . , c (the quantity of 
silver nitrate obtained from the same quantity of silver) was found by 
Richards and Forbes to be 1*57479 . . . The present investigation 
gives the value of 6 ^ as 0*373217 . . . 

“ Substituting these values in Equation 7 we obtain ^ the atomic 
weight of silver = 107*881. 

“ Substituting this value in Equation 4, we obtain y, the atomic 
weight of chlorine, == 35*4674, and substituting these values in Equation 
6 or 6, we obtain 2 , the atomic weight of nitrogen, = 14*0086. These 
three values for the atomic weights of silver, chlorine and nitrogen are 
entirely independent of any but the most recent work, and rest directly, 
through silver nitrate and water, upon the international standard of 
atomic weight O = 16*000.” 

It should not be thought that the above are the only accurate deter- 
minations of these atomic weights. Many others have been performed 
and are in varying degrees of agreement with them and each other. 
The International Committee of Atomic Weights is a body which at 
intervals reviews the total of atomic weight determinations and fixes 
on the figures they consider the most proteble for each element. 

^ The weight of ammonium chloride required to produce 1 gm. of silver 
chloride. 


( 1 ) 

( 2 ) 

(3) 
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For the above five fundamental elements the most recent and 
probable values are : 

Hydrogen .... 1*0078 

Oxygen .... 16*000 (Standard) 

Nitrogen .... 14*008 

Chlorine .... 35*467 

Silver .... 107*880 

Calculations Based on Atomic Weights 

The meaning of chemical formulae and equations has been ex- 
plained in Chapter II. The great importance of chemical equations 
lies not so much in their being a convenient symbol to express the 
nature of the reagents and products in a chemical change, as in the 
fact that all chemical calculations are based on the use of formulae 
and equations in conjunction with atomic weights. 

71. Determination of Formnlse. — The formula of a compound 
expresses the number and kind of atoms present in its molecule, and 
in general is determined from four sets of data. 

(1) The knowledge of what elements are contained in the com- 
pound. 

(2) The percentage composition of the compound or other 
indication of the proportion by weight in which these elements are 
present. 

(3) The atomic weights of the elements concerned. 

(4) The molecular weight of the compound. 

(1) To discover what elements are present in a compound 
is not as a rule difficult. The methods of Qualitative Analysis, 
by which these elements are converted into easily recognisable 
substances, are used. 

(2) The percentage composition of the compound is arrived 
at by Quantitative Analysis. The elements in a known weight 
of the compound are converted into some form in which they can 
be separated and weighed. Numerous examples of the process 
are to be found in the succeeding pages. 

(3) The atomic weights of the elements are usually obtain- 
able from tables. Difficulty might be found in the case of 
new elements, and in such a case they would have to be deter- 
mined by the methods of §§ 61-68. 

(4) Calculations from the above data will give the simplest 
possible formula which indicates correctly the proportions of 
the atoms in the molecule, but which does not give their 
actual numbers. The molecular weight of the compound will 
indicate this, as also may evidence derived from its chemical 
behaviour. 
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The method of procedure is best illustrated by the study of a 
simple case. , 

A volatile liquid compound has the percentage composition : 

Carbon, 10*05 per cent , ; Hydrogen, 0*%4i per cent, ; Chlorine, 89*11 
per cent. The density of its vapour referred to hydrogen is 69. 
Calculate its formula. 

The atomic weights of carbon, hydrogen and chlorine are 12, 1 , and 
35*5 respectively. In order to find the numbers of atoms in the 
weights of carbon, hydrogen and chlorine we must divide the total 
weight of atoms of each kind (given by the percentage composition) 
by the weight of one atom (the atomic weight). 

The relative number of atoms in the compound are then : 

Carbon ..... 

Hydrogen .... 

Chlorine 

The formula then is some multiple of 

^10*05 ^0-84 ^Wll 

12 35-5 

= Co.84 Ho.g4 CI 2 . 6 I 

Dividing these figures by 0*84 the formula becomes 
CiHiClg.gg or CHCI3. 

But the formula may be equally CgHgClg or C4H4CI12 or C^^H^Clg,^, 
as all these would agree equally well with the above percentage 
composition and atomic weights. 

If the compound has the formula, CHCI3 it has the molecular 
weight 12 + I + 3 X 35*5 = 119*5, while if the formula is (CHClg),^ 
the molecular weight will be 119*5 n. 

The vapour density of the compound was found to be approxi- 
mately 69, and its molecular weight (§ 50) should therefore be 118, 
which evidently indicates that the correct value is 119*5, not 
2 X 119*5 or any higher multiple. The formula is therefore CHCI3. 

The formulae of gases may often be calculated from the volumes 
of gaseous products, which they form or from which they are formed 
in chemical reactions, thus avoiding the tedious process of weighing 
gases. This process is again best illustrated by an actual example. 

Two cubic centimetres of a gas containing only hydrogen and carbon 
were mixed with an excess of oxygen (30 c.c.) in a eudiometer* 
After passing an electric sparky causing combustion to occur, the mix- 


1005 

12 

0*84 

1 

89*11 

36*5 
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ture became reduced in volume to 25 c.c. On adding some caustic 
soda solution the volume further diminished to 17 c.c., the residue being 
'pure oxygen. 

Suppose the formula of the gas to be Then when it com- 

bines with oxygen to form carbon dioxide and water the equation 
will be 

+ (x + 1) 0, = xCO, + I H*0. 

1 / 1 / 

1 molecule. . + - molecules x molecules. | molecules. 

By Avogadro’s law equal numbers of molecules are contained in 
equal volumes of gases under the same conditions of temperature 
and pressure. So it follows that 1 volume of a hydrocarbon gas, 

y 

C^Hy, reacts with ^ volumes of oxygen, forming x volumes of 


carbon dioxide and ~ volumes of steam. 

When the mixture cools the steam will condense. The alteration 
in volume will be a diminution due to the disappearance of the hydro- 
carbon gas (1 vol.) and the oxygen which reacts with it vols., 

and also an increase due to the production of carbon dioxide. The 
water vapour can be neglected, for it condenses to a negligible 
volume, and so may be regarded as if it had not been formed at all. 
The total diminution will then be 


V V 

l + a:4-T~-a^==l + 7 vols. 

4 4 

and the further diminution when the carbon dioxide is absorbed by 
caustic soda will be x vols. Now, in the actual experiment the 
quantity of hydrocarbon taken (1 vol.) = 2 c.c. 

The first diminution in volume was 7 c.c., and the second was 8 c.c. 


Thufl 2 (l + |) = 7 (a) 

2 + 1=7 
y = 10. 

2a: = 8 (6) 

a? == 4 


Formula of gas == C^Hiq. 

In some cases the density of a gas alone is enough to give the 
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formula. Thus, for example, the density of nitrous oxide referred 
to hydrogen is 22. 

If the density of the gas is 22 its molecular weight is 44. Since the 
atomic weight of nitrogen is 14 and that of oxygen 16 and both 
elements are contained in the gas there cannot be more than two 
atoms of either element in the molecule. The only possible formulas 
are — 

NgO giving M.W. 44 
NOg giving M.W. 46 
NO giving M.W. 30. 

Clearly the first is the only formula which agrees with the experi- 
mentally found value of 44. This method is applicable to most 
simple compounds, but with more complex ones the accuracy of 
ordinary density determinations is not sufficient to discriminate 
between the possible values which may lie very close to each other. 

72. Calculations derived from the Formula. — Since the formula 
of a compound represents the numbers of atoms which its molecule 
contains and since the atomic weights give the relative weights of 
these atoms it is easy to obtain from the formula of a compound the 
weights of the various elements contained in a given weight of it. 

Example 1 . — Calculate the percentage composition of potassium 
pemuinganate KMnO^ {atomic weights K = 39, Mn =: 65, 0 = 16). 

{ One atom of potassium . . 39 units of weight. 

One atom of manganese . . 55 „ „ 

Four atoms of oxygen . . 64 „ „ 

are contained in one molecule of 

potassium permanganate . . 158 „ „ 


/. in 100 units of weight of potassium permanganate there are 


39 X 100 
158 

55 X 100 
158 

64 X 100 
158 


units of weight of potassium. 


units of weight of manganese. 


units of weight of oxygen. 


Percentage composition is — 

K 24‘7 per cent. 

Mn 34*8 „ 

0 40-5 „ 

Example 2 . — Ten grams of iron are completely converted into 
crystallised ferrous sulphale, FeSO^ . 7 H^O, What weight of the latter 
salt is formed f (Fe « 56, 5 « 32, 0 16, if *» 1.) 
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One atom of iron, Fe, is contained in one molecule of ferrous 
sulphate, F0SO4 . THgO. 

56 units of weight of iron are contained in 56 + 32 + (4 X 16) 
+ 7 (16 + 2) = 287 units of weight of crystallised ferrous sulphate. 

1 .. ^ ,.287x10 ^ 

/, 10 gms. of iron can be converted into — — — gms. crystallised 

ferrous sulphate == 49*6 gms. 

73. Equations. — ^An equation can be written for every chemical 
change, and it is impossible for the ordinary chemist to burden his 
mind by remembering all the equations he will ever need. It is 
important then to be able to work out equations when required. 

In order to write the equation for a chemical change, we require 
to know the formulae of the reagents and the products, and from 
these the equation may be worked out either by trial and error or 
mathematically. Our guide in writing the equation is the fact that 
no atoms are destroyed or created in a chemical change. A correct 
equation must therefore “ balance,” i.e., have on each side the same 
number of each kind of atom. 

Let us suppose that we require the equation representing the 
burning of iron pyrites FeSg in oxygen O^, forming ferric oxide 
sulphur dioxide SO 2 . 

7iFeS2 + ^^2 = pFcgOs + qS02. 

Proceeding by trial and error we see that we must have at least two 
molecules of iron pyrites to provide the iron needed for Fe208. We 
may then write 

2FeS2 + ^^2 = FegOg + 4 SO 2 . 

Adding the oxygen atoms on the right>hand side we find eleven, 
which requires bJOg. As half molecules are excluded we must 
multiply 

2FeS2 + 5 JO 2 = FeaOa + 480* 

by two giving 

4FeS2 IIO 2 = 2Fe208 8S02« 

A formal mathematical method may be used but is rarely needed. 
Example, — Nitric acid reacts with zinc, forming zinc nitrate, 
ammonium nitrate, and water. Find the equation. 

a Zn -f 6 HNO, = c Zn(NO,), + d NH^NO, + e H.O, 

We may at once simplify this somewhat, for a is obviously equal to c. 

a Zn + h HNOs =* o Zn(N02)2 + d NH4NO8 + e HjO. Since the 
numbers of atoms of each ^d on each side of the equation are equal 
we have : 

(1) Equating the hydrogen 6 ss 4d -f 2d. 

(2) „ „ nitrogen 6 » 2a 4* 2d. *' 

(8) „ >, oxygen 36 6a + 3d -f 
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We have four unkno'wn quantities and three equations. We may 
find all of them in terms of h. 


Thus 


(1) a = 


10 ’ 




(3) c = 


10 ’ 


Equation is — 


: : 4 : 10 : 1 : 3. 


4Zn + lOHNOs = 4Zn(N08)a + NH^NOa + 3HaO. 

The method is only useful as a last resort and it is almost always 
quicker to proceed by trial and error or by the use of partial equations 
(c/. pp. 727, 728). 


74. Calculation of the Quantities involved in a Chemical Reaction. 

— ^The equation for a chemical change represents the rearrangement 
of the atoms which compose the molecules taking part in the re- 
action. Since the weights of these atoms remain constant it is easy 
to discover the weights of the various products. 

Thus for example, in an equation such as 

ZnSO^ + 2NaOH = NaaS 04 + Zn(OH )2 

the weights of the reacting substances and products are given by 
substituting the weight of each atom for its symbol. 


ZnSO^ + 

65 + 32 + 4 X 16 react with 

parte by weight of zinc sulphate. 

= NajSO* + 

forming 2 x 23 + 82 + 4 x 16 and 


parts by weight of sodium suiphate. 


2NaOH 

2(23 + 10 + 1) 

parts of weight of caustic soda. 

Zn(OH)8 

65 + 2(16 + 1) 

parts by weight of zinc hydroxide. 


Adding these weights we find that 161 parts of zinc sulphate react 
with 80 parts of caustic soda, forming 142 parts sodium sulphate and 
99 parts of zinc hydroxide. 

If we take these parts by weight to be grams, then the total for 
each single molecule will be its gram-molecular weight. Now the 
gram-molecular weight of any gas at N.T.P. occupies 22*4 litres, and 
we can in this way obtain from the equation not only weights of 
reacting substances but also the volumes of any gases taking part in 
the change. Thus, consider the reaction between sulphuric acid 
and carbon yielding water and the gases carbon dioxide and sulphur 
dioxide, symbolised by the equation 

2H,S04 + C « COg + 2SO, + 2HgO. 
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From this equation we can deduce that 


2H2S04 

-J- 

c 

2(2 + 82 + 4 X 16) gms. of sulphuric acid. 

react with 

12 gms. of carbon. 

= COj 

+ 

280^ 

forming one gram-molecule of carbon 

and 

two gram-molecules, 128 gms. 

dioxide, 44 gms. and 22* 4 litres at N.T.P. 


and 44*8 litres of sulphur dioxide. 


+ 

2H2O 


and 

2(2 •+ 16) — 36 gms. of water. 


A few examples of calculations based on equations may be helpful. 

(1) What weight of iodine is liberated by the action of hlO gms, of 
bromine on an excess of potassium iodide solution ? {Br = 80, K = 39, 
I = 127.) 

Brj + 2KI = 2KBr + I2. 

2 X 80 gms. bromine form . . 2 X 127 gms. iodine. 

2 X 127 X 1*1 

1*1 gms. bromine form • • r ^ gms. iodine. 

du X oU 

= 1*75 gms. 

(2) What weight of anhydrous sodium sulphate and what volume of 
sulphur dioxide at 10® C, and 750 mm, pressure can be obtained by the 
action of strong sulphuric acid on 10 gms, of crystallised normal sodium 
sulphite, Na^SO^ • IH 2 O ? 

The equation is 

Na^SOa . 7H2O + H2SO4 *= Na2S04 + SH^O + SOg. 

(2 X 23) + 32 + 48 + 7 (2 + 16) yield (2 x 28) + 92 + 4 X 16 and 22-4 UtreB 

gms. sodium sulphite gms. sodium sulphate of sulphur dioxide 

at S.T.P. 

142 X 10 

Then 10 gms. sodium sulphite yield (a) — xrr — gms. sodium 


sulphate and (6) 


22*4 X 10 
252 


litres of sulphur dioxide at S.T.P. 


(а) Weight of sodium sulphate produced = 5*63 gms. 

(б) Volume of sulphur dioxide at 10® C. and 760 mm. will be 

22*4 X 10 X 760 X 283 
262 X 750 X 273 
= 934 0.0. 

(3) What weight of sUver chloride is precipitated when 106 c.c. of 
hydrogen chloride, measured at 16*’ C. and 770 mm. pressure, are 
absorbed by silver nitrate solution ? {H — I, Ag 108, N = 14, 
0 =. 16, CT = 36*6.) 

HCa + AgNO, = AgCl + HNO, 

22*4 liteei At pneipitote lOS M*6 gms. aflyer chloride. 
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105 c.c. of hydrogen chloride at 15® C. and 770 mm. pressure is 
equivalent to 


105 X 273 X 770 
288 X 760 


at S.T.P. 


22,400 c.c. hydrogen chloride at N.T.P. precipitate 143'5 gms. 
silver chloride. 


. , 105 X 273 X 770 

And so — 288 X 760 — ° ^ Precipitate 

143-5 X 105 X 273 X 770 
22400 X 288 X 760 
= 0*646 gm. silver chloride. 

Nearly all chemical calculations are variants of the above types. 



CHAPTER IV 

SOLUTION AND CRYSTALLISATION 

75. Suspensions and Solutions. — In Chapter II. we have distin- 
guished between pure substances and mixtures. There exists, 
however, one particular class of mixture, which is of such importance 
that it requires separate consideration. 

A mixture of a solid and a liquid may be of three types which, as 
we shall see, pass imperceptibly into each other. 

(1) True solutions, which consist of single molecules suspended in 
the liquid solvent. The solid is not to be separated from these either 
by the action of gravity or any form of filtration as ordinarily under- 
stood.^ 

(2) A colloidal solution, consisting of larger particles, which may 
or may not be visible under the microscope, suspended in a liquid, 
These particles are electrically charged and do not settle out as a 
result of the action of gravity. In many cases a very fine filter of 
collodion will remove the particles. 

(3) A suspension consisting of gross particles of solid (containing 
many millions of molecules) surrounded by the fluid. The solid 
may be separated from these by filtration or by the action of 
gravity. 

78. The Nature ol True Solutions. — ^The vast majority of sub- 
stances, whether solids, liquids or gases, dissolve in some liquid under 
some conditions. 

Consider what happens when a soluble solid, such as potassium 
dichromate, for example, is added gradually to water at 16® C., the 
whole being well stirred. The particles of solid potassium dichro- 
mate disappear, the water receiving at the same time their colour 
and so becoming orange. The process continues until 100 gms. of the 
water have dissolved 9*6 gms. of the salt, when the action ceases and 
no more of the salt dissolves. If the temperature is now raised to 
30® C. a further 8*5 gms. of potassium dichromate are dissolved and 
then, as before, the process ceases. 

Very similar phenomena occur on adding a liquid (say, bromine) 
to another liquid (say, water), with which it cannot be mixed in all 
proportions. This case is a little more complicated, for the bromine 
dissolves in the water and the water in the bromine, forming two 

^ But see § 56 on semipermeable membranes. 

88 sSi . 
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solutions which do not mix. A gas also dissolves in a liquid in a 
similar manner, the gas being dissolved only until a solution of a 
certain strength has been formed. 

A solution, which at a given temperature will dissolve no more of 
a substance however long it remains in contact with it, is said to be 
saturated with that substance at the temperature in question. 

The liquid in which the substance is dissolved is called the solvent, 
and the dissolved substance the solute. There is no real distinction 
between the two. Thus, in a 50 per cent, solution of alcohol in water 
we may with equal truth say that the alcohol is dissolved in the 
water, or the water in the alcohol. 

An investigation of the properties of solutions reveals certain 
fundamental facts. 

(1) When a substance is dissolved in a liquid it becomes evenly 
distributed through the liquid, and once so distributed it will not settle 
out by the action of gravity, etc. 

If a piece of a soluble solid is placed at the bottom of a vessel of 
water it dissolves and forms a strong solution at the bottom of the 
vessel. The solid contained in the strong solution slowly diffuses 
upwards until in the course of, it may be years, the solution becomes 
of the same concentration throughout. If the solution is stirred it 
soon becomes of even concentration throughout. The fact that the 
whole of volumetric analysis is based on the assumption that a 
dissolved substance remains distributed evenly through a solution 
is a sufficient demonstration of the truth of this principle. 

(2) When a substance dissolves in a liquid, the solution has physical 
and chemical properties which, while they are not identical with those of 
the solute and solvent, show a close resemblance to them. 

A close physical or chemical resemblance between a solid and a 
solution is not to be expected, for their molecular structure is very 
markedly different (§ 41). Dry solid salts rarely react, except under 
great pressure, while solutions of salts commonly react with great 
ease and rapidity. In practice we study the chemical properties 
of solutions so much more frequently than the chemical properties 
of solids that these differences in behaviour between dissolved and 
undissolved solids are apt to go unobserved. 

The chemical properties of a dissolved substance have in general 
a fairly close analogy to those of the substance in the form of a gas 
or a liquid. 

Compounds are of two types— electrovalent and covalent. The 
first includes acids, alkalis and salts (§§ 113, 116), and are distin- 
guished by breaking up in solution, partly or wholly, into positive 
and negative portions called ions, which in the undissociated state 
are held together only by electrical attraction. The constituent 



NATURE OF SOLUTIONS 


85 


atoms of the molecules of covalent compounds, on the other hand, 
are held together by the sharing of electrons, and do not dissociate 
in solution. We shall then find that electrovalent compounds, acids, 
alkalis and salts, in consequence of this dissociation, show a greatei 
change in properties when dissolved than do the covalent compounds. 

Thus, for example, a solution in water of the covalent substance, 
oxygen, shows very nearly the same chemical behaviour as gaseous 
oxygen ; a solution of hydrogen peroxide shows the same chemical 
reactions as the pure liquid, though hi a less vigorous degree. 

Electrovalent compounds, as we have seen, are distinguished by 
their breaking up in solution into positive and negative portions or 
ions (§ 115), and solutions of these differ widely in physical and 
chemical properties from the pure compounds. This is not sur- 
prising, for these substances undergo the definite chemical change 
of ionisation, when dissolved in a suitable solvent. Thus a solution 
of yellow lead iodide (§ 648) is colourless and a solution of white 
ferrous sulphate is green. 

It appears, then, that solutions must be regarded as mixtures. 
Covalent compounds are unchanged chemically when dissolved, 
and electrovalent compounds (acids, salts, etc.), though they disso- 
ciate when dissolved, do not form any definite and stable compounds 
with the solvent as a whole.^ We have reason to suppose, both from 
the chemical and physical behaviour of solutions, that a solution of a 
covalent substance such as cane-sugar consists of single cane-sugar 
molecules suspended among the water molecules and in rapid 
kinetic motion ; a solution of a weak acid such as boric acid, we 
may regard as containing molecules of boric acid, borate ions and 
hydrions ; a solution of sodium chloride we may suppose to consist 
of sodium ions Na+ and chlorine ions Cl“, suspended among water 
molecules and in continual kinetic motion. 

(3) The solute can be recovered unchanged from the solution by 
evaporation^ changes of temperature^ or other means. 

Thus, if a saturated solution of copper sulphate is cooled or is left 
to evaporate, crystals of the salt appear. The energy required to 
remove the dissolved substance from the solution is not very great. 
Work has to be done against the osmotic pressure (§ 56) in order 
to make the solution stronger, but only small energy changes are 

^ Ions certainly form compounds with water molecules, but not with the 
solvent as a whole. 
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associated with separating a solid from a saturated solution — ^mere 
cooling being sufficient. 

This fact, taken with (2) above, and with the fact that their com- 
position can vary within limits, makes us suppose that solutions are 
mixtures and not chemical compounds. 

77. Saturated Solutions . — We have seen already that, at a given 
temperature, only a certain weight of a solid can be dissolved in a 
given weight of liquid. This is true also of some liquids, but not of 
all. Thus at 15® C. a maximum of 3*5 gms. of bromine can be dis- 
solved in 100 gms. water, but on the contrary, sulphuric acid and 
water can be mixed in any proportion. Solutions which have been 
in contact with the solute until no more can be dissolved, are called 
saturated solutions, and are best defined as follows : 

A solution is said to be saturated at a given temperature when it is 
in eauilibrium with the solute at that temperature. 

Thus, if a piece of copper sulphate is placed in a saturated solution 
of copper sulphate no apparent change takes place. If placed in a 
weaker (unsaturated) solution at the same temperature it will dis- 
solve ; if placed in a stronger (supersaturated) solution at the same 
temperature solid copper sulphate will deposit upon it. 

The notion of equilibrium in this case is perhaps more clearly 
grasped if an attempt is made to visualise what is happening when 
a solution and a solid are in contact. Two phenomena are continu- 
ally taking place. In the first place, molecules of the solid are being 
carried from its surface into the liquid, and in the second place, 
molecules suspended in the liquid are being deposited again on the 
surface of the solid. When the solution is unsaturated the first 
process predominates and molecules leave the solid more quickly 
than they deposit. In a supersaturated solution molecules deposit 
on the solid more quickly than they leave it. In a saturated solu- 
tion the rates of solution and deposition are equal, i.e., there is an 
equilibrium between the dissolved solute and undissolved solute. 

78. Solubility. — The solubility of a solute in a solvent at a given 
temperature is a number expressing the quantity of the solute which 
has to be dissolved in a given quantity of solvent at that temperature 
in order to form a saturated solution. It is, in fact, the concentra- 
tion (or ‘ strength ’) of a saturated solution. The solubility is 
commonly expressed as 

(1) Grams of solute per 100 gms. solvent. 

(2) Grams of solute per 100 gms. solution. 

Thus the solubility of copper sulphate at 15® C. is 40 gms, per 
100 gms, water. This is equivalent to 40 gms. per 140 gms. solution, 
f.e., 28*6 gms, per 100 gms, solution. 

The solubility of gases is commonly expressed as the number of 
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volumes of the gajs dissolved at a given temperature by 1 (or 100) 
volumes of water. 

The solubility of every substance varies with the temperature, and 
these variations are of great importance for the study of fractional 
crystallisation, the chief means by which solid chemical substances 
are purified. 

79. Determination of the Solubility of a Solid or Liquid. — ^The 



Fio, 21. — Determination of the solubility of a solid. 


usual method of determining the solubility of a substance is to pre- 
pare a saturated solution of it at a fixed temperature, and to analyse 
a known weight of the solution so prepared. An excess of the finely- 
powdered solid may be placed in a bottle provided with a thermo- 
meter, a mechanical stirrer and a tube through which a pipette may 
be inserted. Distilled water, previously warmed to the required 
temperature, is added, and the bottle placed in a thermostat where 
the water and solid are vigorously agitated for some two hours 
or, if great accuracy is sought, for an even longer period. The 
stirring is then stopped, and when the solid has settled out, a 
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pipette, warmed to a little above the thermostat temperature and 
fitted with a filter, is used to withdraw some of the liquid, which is 
transferred to a weighed vessel. The vessel and liquid are then 
weighed and the liquid may be analysed chemically or carefully 
evaporated to dryness, the weight of solute in a known weight of 
solution being thus obtained. An example of the method used to 
calculate the solubility of a salt from data of this kind is given 
below. 


Example, — In a certain determination of the solubility of sodium 
chloride at 20® C7., 10*705 gms, of the saturated solution were removed and 
diluted to 500 c.c. with distilled water. Twenty cubic centimetres of this 
solutiony titrated with JV/10 silver nitrate solution, required 19*30 c.c. of 
the latter. 

NaCl + AgNOg - AgCl -f NaNOg. 


19*3 c.c. of N/10 silver nitrate solution contain 


19*3 

10,000 


equivalents of 


silver nitrate. 

20 c.c. of the diluted sodium chloride solution contain 
equivalents of sodium chloride. 

500 c.c. of the standard sodium chloride solution contain 
equivalents. 


19-3 

10,000 

500 ^19*3 
20 X 10,006 


600 X 19*3 X 58*5 
20 X 10,000 


gms. NaCl. 


/, 10*706 gms. sodium chloride solution saturated at 20® C. contain 


600 X 19*3 X 68*6 
20 X 10,000 


gms. NaCl = 2*823 gms. NaCl. 


/. 10*705 — 2*833 gms. water dissolve 2*823 gms. salt. 
7*882 gms. water dissolve 2*823 gms. salt. 

, 2*823 X 100 

/. 100 gms. water dissolve — 77332 ~ 8^^* 


The solubility of common salt at 20® C. is therefore 36*8 gms. per 
100 gms. water. 

80. Determination of the Solubility 0 ! a Gas in a Liquid. — The solu- 
bility of a gas (if it is not exceedingly soluble) is best determined by 
means of the absorption pipette shown in Fig. 22. A gas-burette G is 
filled with the moist gas vid the three-way tap T, and the volume of the 
gas is read ofi! after levelling. To the other arm of this tap an absorption 
pipette is connected by a spiral of metal ^ tubing (flexible enough to 
allow of shaking). The pipette is completely filled with air-free water by 
exhausting it by means of a pump and then allowing water to enter by 
the tap R* The volume (v) of the pipette is known. The gas-burette is 
then put into commimication with the absorption pipette and by raising 


^ Many gases leak through rubber to an appreciable extent. 
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the levelling tube and opening the tap R some water is expelled from the 
pipette into a flask, thus leaving a space S filled with the gas. By 
weighing the water expelled its volume is obtained. The volume of 
water in the pipette is now v — and the volume of the space S is 
Vj. The pipette is then placed in a thermostat at the temperature at 
which the solubility of the gas is required and is shaken occasionally 
until no more gas is absorbed, atmospheric pressure being maintained 
by raising the levelling tube. 

The volume of gas absorbed is given by 
the difference of the burette readings (v,) 
reduced to normal pressure and the 
temperature of the thermostat, less the 
volume of the space in the pipette V|. 

The volume of water is v — c.c. The 
solubility is obtained by calculating the 
number of volumes of gas absorbed by 1 
volume of water. 

81. Solubility Curves. — If the solu- 
bility of a substance is plotted against 
the temperature, the solubility curve is 
obtained. The interpretation of these 
is very useful in all problems concerned 
with the crystallisation of solids from 
solution and is consequently of great 
importance to the chemical manufac- 
turer who manufactures or purifies most 
solid substances by processes of crystal- 
lisation. 

The commonest types of solubility 
curve (at temperatures above 0® C.) for 
a solid and a liquid which do not com- 
bine, are shown in Fig. 23 (A). Both 
the solubility and the rate of increase of 
solubility become greater as the tem- 
perature becomes higher. 

Much more rarely tl^p solubility 
curve is retrograde, i.e., the solubility 22. — Determination of 

decreases with temperature. Such a a^iqu^d!^^^^^^ 
curve is shown in Fig. 24. 

Where the solvent and solute form compounds, as in the case of 
many salts and water, each compound has its own solubility curve. 
As two compounds of this kind can only coexist in presence of the 
solution (§ 87) at one single temperature, these curves meet but do 
not intersect. Thus in Fig, 23 (BBC) we have the solubility curve of 
calcium chloride. The portion of the curve BB repiesents the 
solubility of calcium chloride hexahydrate CaCl 2 . CHgO, the por- 
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Fio. 23. — Solubility curves of certain salts. 

Gms. Ca(OH), 
per 100 gms. water. 



Fia. 24. — Solubility of Calcium hydroxide. 
Concentration. 

Qms. Chlorine per 100 gms. water. 
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tion BC the solubility curve of calcium chloride tetrahydrate 
CaCl 2 . 4 H 2 O. At the point B (29*5® C.) the hexahydrate, the 
tetrahydrate and solution can all remain in contact without change. 

Many liquids are mutually soluble to a smaller or greater extent. 

Thus, if bromine be shaken with water the water dissolves some 
bromine and the bromine some water, two saturated solutions being 
formed, called conjugate solutions. As the temperature rises the 
bromine dissolves more water and the water more bromine. 

The types of curve characteristic of the above case are not given 
here, as partial miscibility is not a common phenomenon in inorganic 
chemistry. 

Gases show a solubility curve such as that of Fig. 25. The 
solubility always diminishes with the temperature, and the form of 
the curve is always similar. 

It is thus possible to remove almost all gases from their solutions 
by boiling, the only exceptions among the substances which are 
gases at normal temperature and pressure being the hydrogen 
halides (Chapter XXII.). 

The solubility of gases is much influenced by pressure. The 
influence of pressure is in most cases regular and is summed up in 
Henry’s law, which states that : 

The concentration of the solution formed by dissolving a gas in 
water is proportional to the pressure of the gas. 

Thus, if 100 gms. of water dissolve -0025 gm. nitrogen at atmo- 
spheric pressure, they will dissolve *01 gm. under four atmospheres 
pressure. 

Henry’s law is only obeyed by the part of the gas which dissolves 
without chemical change. It is therefore not obeyed by such gases 
as dissociate when they dissolve in water. Thus, let us suppose that 
in 1 volume of water at N.T.P. 1 volume of gas dissolves and that 
half of this dissociates to ions. Then 1 volume of water contains 
0*6 volume unchanged gas and 0*5 volume in the form of ions. 
Let the pressure be doubled, 2 X 0*5, t.c., 1*0 volume of unchanged 
gas will be finally dissolved. This will not, as before, be in equili- 
brium with 1*0 volume of gas as ions, but with some\/hat less, for 
dissociation is less complete in strong solutions. 

Consequently, only (say) 0*9 volume of gas will be ionSsed in 
the stronger solution. Thus doubling the pressure increases the 
solubility only from 1*0 to 1*9, not as Henry’s law would predict, 
from 1*0 to 2*0. 

If a compound of one molecule of gas and one or more molecules 
of solvent is formed, Henry’s law will still apparently be obeyed, 
unless the concentration of gaa is very high, for if we consider the 
concentration of the water to be unaffected by the dissolving of the 
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gas, the law of Mass Action indicates that the proportion of dissolved 
free gas to dissolved combined gas will be constant. Thus carbon 
dioxide which forms the compound HgCOg, which is only to the 
minutest extent dissociated, appears to obey Henry’s law : ammonia, 
which forms the more easily dissociated NH4OH, does not. 

82. Methods of Making Solutions. — Solutions can be made by 
merely bringing the solute and solvent into contact and leaving 
them until equilibrium is attained. In order to make a solution 
quickly, it is, however, desirable (a) to increase the surface of the solid 
as much as possible, t.e., to powder it finely ; (6) to remove the 
saturated solution in the immediate neighbourhood of the particles 
of solid and so bring fresh unsaturated solution to act on them. 
This we do by stirring the liquid ; (c) substances in general dissolve 
more rapidly and to a greater extent at higher temperatures, and 
accordingly we heat the mixture of solid and liquid. 

83. Separation of the Solute and Solvent. Evaporation. — In order 
to separate the components of a solution we use two physical 
methods : 

(1) Evaporation and distillation. 

(2) Fractional crystallisation. 

Evaporation , — If a solution consists of a non-volatile solid or 
liquid dissolved in a volatile liquid, the solute may be recovered by 
allowing the solvent to evaporate. This process may be carried on 
at room temperature but is more usually performed at higher 


temperatures, at which evaporation is more rapid. If the substance 
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is decomposed by gentle heat the 
former course is necessary, and since 
evaporation of aqueous solutions at 
room temperature is very slow, the 
process is often hastened by the use 
of the vacuum desiccator (Fig. 26). 
The water evaporates, and the vapour 
being carried off by a pump or ab- 
sorbed in Sulphuric acid, remains at a 
pressure much below the vapour 
pressure of water, and evaporation 
proceeds much more rapidly than in 
the open air. 


If the solute is unaffected by heat the solvent may be simply 


boiled off. On the commercial scale ingenious multiple evaporators 


(§ 248) are used in order to economise heat. In these the steam 


evolved from a boiling solution is used to boil a second solution 
kept at a lower pressure, and therefore boiling at a lower tem- 
perature ; the steam from this boils another solution at a still 
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lower pressure, thus utilising the available heat in the most 
economical manner. 

84. Distillation. — If the solvent is to be recovered from a solution, 
or if both solvent and solute are volatile and both are to be 
recovered, the process of distillation is used. If the solvent alone 
is volatile, simple distillation suffices to separate the solvent in an 
almost pure condition. Traces of solute are however often 
mechanically carried over as spray, and if the solvent is required in 
a very pure state one or more redistillations will be needed. 



Fia. 27. — Simple distillation. 


Where the solution is a mixture of two volatile liquids with boiling 
points less than, say, 70-100® C. apart, fractional distiUation is 
required to effect a satisfactory separation. Suppose the mixture 
to consist of a more volatile liquid. A, and a less volatile liquid, B, 
When such a mixture is heated each of these liquids gives off its 
vapour and the vapour formed will contain a greater proportion of A 
and a less proportion of B than the liquid. The liquid distilling over 
will be richer in A and the liquid left in the flask will be richer in B 
than was the original liquid. Thus simple distillation can only 
afford a partial separation of two volatile liquids. 



94 


SOLUTION AND CRYSTALLISATION 


A device, known as the fractionating column or rectifier, is used in 
these cases. A fractionating column (Figs. 28, 29) consists of a vertical 
tube so arranged that some' of the vapour condenses in it and runs back 
into the vessel where the liquid is being heated. The tube is so con- 
structed that the vapour rising in the tube is brought into thorough 
contact with this condensed liquid. The vapour consists of the vapours 
of the more volatile A and the less volatile B. The latter will condense 
to a greater extent than the former and a film of liquid rich in B forms 
on the walls of the tube and runs down. The rising vapour heats this 
and in doing so evaporates more A than B from the film of liquid, but 
condenses more of its own B vapour in so doing. Thus the rising 



Fig. 28. — Rod and disc Fio. 29. — Fractional distillation. (Inset, 

fractionating column pear column), 

in action. 


vapour condenses out B in the fractionating column and takes up A, 
and so, as it rises, becomes steadily richer in the more volatile material. 
In this way an almost complete separation may be attained in one 
distillation if the boiling points of the two liquids lie more than about 
30*^ C. apart. If the difference is less than this, several successive 
fractionations will be found necessary.^ 

Various patterns of fractionating column are used. In the laboratory 
the pear *’ column is e£8cient and strong and is probably the most 
often used. The rod-and-disc form is illustrated in Figs. 28, 29, and 
is also efficient though less well-adapted for rapid distillation. On the 
commercial scale large rectifiers are used, consisting of towers in which 

^ The efficacy of the process does not really depend on the difference of 
boiling points, but on the difference of vapour pressxire at the temperature of 
condensation. The difference of boiling point affords a rough indication of 
this difference of vapour pressure. 
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the vapour is forced to bubble through successive shallow layers of the 
condensed liquid. 

The separation of a solid from a solution is brought about not 
only by processes of evaporation but also by cooling the solution 
until it becomes saturated and the solid separates. 

85. Separation of Mixtures by Crystallisation. — ^Two soluble sub- 
stances may be readily separated by crystallisation (a) if their 
solubilities are widely different, or (6) if they are present in very 
different quantities. 

Suppose, for example, we have a mixture of equal parts of sodium 
nitrate and potassium nitrate, the solubilities of which are 88* 11 
and 33*02 gms. per 100 gms. water, respectively, at 20° C. 

If we assume that the solubility of each salt is not affected by 
the presence of the other (an assumption which is only an approxima- 
tion to the truth) it will be seen that if we dissolve 100 gms. of the 
mixture in 100 gms. of hot water and allow the liquid to cool, only 
potassium nitrate will crystallise out, for the solution, even when 
cold, will not be saturated with sodium nitrate (50 gms. per 100 c.c.). 
It is not possible by this method to separate the more soluble salt 
in a pure condition. 

If, however, only a small proportion of the salt is present as an 
impurity in another it is usually possible to remove this even if it 
is less soluble than the salt wUch it is required to separate in a 
state of purity. 

Thus, suppose some hydrated sodium carbonate contains 1 per 
cent, of sodium chloride. If 150 gms. of this are dissolved in 100 gms. 
of water by heating, the solution will contain only 1*5 gms. of sodium 
chloride, and consequently will not be saturated with this salt. 
The sodium carbonate will crystallise on cooling and the crystals 
will be free from sodium chloride, except in so far as the latter salt 
is entangled in the crystals as adherent mother-liquor, etc. 

Where two salts form mixed crystals, that is to say, when each 
crystal of the solid separating contains both salts, then it is impos- 
sible to separate the salts by a single crystallisation, and the process 
of fractional crystallisation must be adopted. 

86. Fractional Crystallisation. — ^The separation by crystallisation of 
two substances which are of markedly different solubility is readily 
performed ; but if the substances to be separated differ only slightly in 
their solubility or form mixed crystals, the slow process of fractional 
crystallisation must be atdopted. In separating the compounds of two 
very similar elements, e.g., barium and radium compounds or hafnium 
and airoonium compounds, fractional crystallisation is often the only 
means kt our disposal. ' 

Let us suppose we have a mixture containing two substances, A and B, 
present m about equal quantities ; and let us suppose that they are of 
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about the same solubility but that A is rather less soluble than B. The 
mixture is dissolved in water, the solution being made up of such a 
strength that on cooling a part, say half, of the solid crystallises out. 
This part will contain less of the more soluble salt B and more of the 
less soluble salt A, while the mother-liquor contains more of B and less 
of A. The solid product richer in A is then again crystallised as before 
and a material still richer in A is obtained. The mother-liquor left from 
the first crystallisation is evaporated and again crystallised, and a 
B-rich liquid and A-rich solid are obtained from this. Thus each set of 
crystals and each mother-liquor are repeatedly separated into A-rich 
and B-rich portions and the final results are specimens of A and B 
containing but little of the other constituent. 

87. The Phase Rule. — Our most useful guide in studying solubilities 
and many other phenomena is the Phase Rule, and the student should 
master its simple terminology. 

The Phase Rule deals with the behaviour of heterogeneous systems at 


Original 
Mixture 
of A and B 



Fio. 30. — ^Fractional crystallisation. 


equilibrium. A heterogeneous system is one made up of different 
portions, each in itself homogeneous but separated from the others by 
bounding siirfaces. Each of these portions is called a Phaat, 

Thus, in a mixture of ice and water enclosed in an evacuated flask 
there are three phases — ice, water, and water vapour, separated from 
each other by surfaces. In a saturated solution of copper sulphate in 
contact with the solid there are three phases — ^hydrated copper sulphate, 
solution and vapour. A solution of salt is only one ph^e, for no 
bounding surface marks off the salt from the water. 

Again, suppose some calcium carbonate is heated in a closed vessel 
to 800® C. The substance will partially decompose and three phases 
will be present — calcium carbonate, calcium oxide, and carbon dioxide. 
The notion of components is a little harder to grasp. 

As components of a system are to be ehosen the smallest number of 
independently variable constituents by means of which the composition 
of each phase can be expressed in the form of a chemical formula or 
equation. 
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Thus in the case of the water-ice-vapour system only one component 
is required- — water ; for the formula of each phase is H^O. 

In the case of copper sulphate in contact with its solution we require 
two components — copper sulphate C5uS04 and water HjO. The phases 
are 

Water vapour = HjO. 

Solution = n0uSO4 + wHjO. 

Solid = CUSO4 . 6HjO. 

Ill the case of calcium carbonate we may take calcium oxide and 
carbon dioxide as components for — 

Calcium carbonate = CaO + COj. 

Calcium oxide = CaO. 

Carbon dioxide == COg. 

We do not choose calcium, carbon and oxygen for they are not 
independently variable and we do not need as many as three. 

Degrees of Freedom . — The number of degrees of freedom of a system 
is equal to the number of independently variable factors (temperature, 
pressure, and concentration of each component), which have to be fixed 
before the state of the system is completely defined. 

Thus, before we can define the state of the system consisting of 
copper sulphate crystals in contact with their solution, we must fix one 
factor, e.g., the temperattue, for the strength of the solution is dependent 
on this. If we fix the temperature the system is then defined, for to 
each temperature corresponds a definite concentration of the saturated 
solution and a definite vapour pressure. If we fix the vapour pressure 
or the strength of the solution we shall also find once more that the 
solid, solution and vapour can only coexist imder one set of conditions. 
We say then that this system has one degree of freedom, i.6., is 
univariariit. 

The Phase Rule states that : 

The number of phases present at one time in a system at equilibrium, 
together with the number of degrees of freedom, is equal to the number 
of components increased by two. This is stated in the formula 

P -f F = C -f 2. 


Let US consider the case of a salt and water. We may take sodium 
sulphate as an example. This salt forms only one stable hydrate, 
NaaS04 . lOHjO. 

The possible phases are : 


Anhydrous sodium sulphate 
Hydrated sodium sulphate 
Sodium sulphate solution 
Ice .... 
Water vapour 


NaaS 04 

NatS 04 . lOHaO 
nNagSOa -f wHaO 


There are thus five phases and two components, for the components 
NaaS04 and HjO are enough to express the composition of all those 
phases. According to the Phase Rule, then. 


and it follows that 


p + F « 2 + 2, 


(a) with one phase only present the system is tervariant (F = 3) ; 

(b) with two phases present the system is bivariant (F == 2) ; 

<c) with three phases present the system is univariant (F » 1). 
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(d) with four phases present the system is invariant (F = 0) ; 

(e) five j)hases cannot coexist. 

Case (a) hardly interests us. If we have, for example, a bottle 
containing sodium sulphate solution we have to specify the temperature, 
the pressure upon it and the concentration (three factors) before we 
know all about it. 

Case (b), — Consider a solution of sodium sulphate in contact with the 
solid hydrate. We must fix the temperature, and the pressure (which 
slightly alters the solubility) before we know 
the concentration, and thus know all about the 
system. 

Case (c). — ^The most important cases where 
three phases are present are those when ice, 
solution and vapour are in equilibrium ; and 
when sodium sulphate (decahydrate or anhy- 
drous) its solution and water vapour are in 
equilibrium. In these cases the system is 
univariant, and if we fix one factor — say, tem- 
perature — the other factors, vapour pressure 
and concentration, are therefore also fixed. 

To each temperature corresponds a particular 
conce/ntration oj the solution and a line (the solu- 
bility curve) on the solubility diagram therefore 
represents these equilibria. The diagram (Fig. 
31) contains three lines emd each represents a 
difierent equilibrium. Starting at the left of 
the diagram, if we cool a solution of sodium 
sulphate (say of 2 per cent, strength) ice will 
separate out and the solution will accordingly 
become stronger and freeze at a lower tempera- 
ture. Further cooling will freeze out more ice 
and finally at — 1*2° C. the curve showing 
the concentrations and temperatures at which 
ice and sodium sulphate solution and vapour are 
at equilibrium meets the curve BC, showing the 
concentrations and temperature at which 
%KaiSO« sodium sulphate decahydrate, solution and 

Fig. 31. — Solubility vapour are in equilibrium. At this point (B), 
curves of sodium therefore, vapour, solution, ice and sodium 
sulphate. sulphate solution are all in equilibrium (r. (d), 

below). 

If a solution containing more than 3*85 per cent, of sodium sulphate, 
say 17 per cent., is cooled, at a certain temperature (20° C.) sodium 
sulphate decahydrate crystallises out and the solution becomes weaker. 
Further cooling causes more crystallisation and the saturated solution 
finally reaches the temperature and concentration shown by the point 
B (3*86 per cent.), when ice also freezes out and the whole solution 
solidifies without change of temperature. No solution containing 
sodium sulphate will yield the anhydrous salt when cooled, but a 
solution of concentration 33 per cent, will yield this phase when heated, 
and any solution of temperature greater than 32*6° C. will yield it 
when evaporated* Thus a solution containing 10 per cent, sodium 
sulphate if evaporated at 80° C. will deposit the anhydrous salt when 
its concentrations reaches 30*2 per cent. 


•c. 
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Again, if a mixture of sodium sulphate deoahydrate and solution is 
heated the solution will become stronger until a temperature of 32*6® 0. 
is reached (C). The anhydrous salt then begins to be formed and the 
four phases, anhydrous salt, hydrated salt, solution and vapour, are 
all present. The temperature then remains constant although heat is 
being supplied. The decahydrate decomposes, and as soon as it h€W 
all gone and three phases, anhydrous salt, solution and vapour, only 
remain, the temperature rises, the anhydrous salt depositing, and the 
solution becoming weaker. 

Case (d ), — ^There are only two points on the diagram when four phases 
can coexist, t.c., 

f ice. 

decahydrate. 

solution. 

vapour. 

( sodium sulphate decahydrate. 
anhydrous sodium sulphate, 
solution, 
vapour. 

At these points there are four phases and so 
F + 4 = 4, 

t.e., no factors have to be fixed before the state of the system is 
fixed. Thus^ when four phases are present temperature and pressure 
and concentration are all fixed. 

These points are, therefore, useful from the point of view of 
thermometry. Point B is the eutectic (v. § 88) and Point C is a 
transition-point. Any solution of sodium sulphate, if cooled, will 
finally come to the eutectic temperature and there remain till 
freezing is complete. 

88. Freezing Mixtures. — ^The eutectic point of a solution is the 
only point at which ice, water, vapour, solid and solution, can allfour 
be in equilibrium. If we mix a solid salt with ice the salt and the 
moisture on the ice will form a solution. Ice will only be in equili- 
brium with this solution at some lower temperature, and it melts, 
withdrawing the necessaiy latent heat from the mixture^ The 
temx)erature falls and equilibrium is only reached when ice, salt 
vapour and solution can all coexist permanently, t.e., at the 
eutectic point. This point varies considerably for different sub- 
stances. For barium nitrate it is only — 0*7^ C., for common salt it 
is — 21*2® C., while for crystallised calcium chloride it is — 61® C. 
These are the temperatures which will be reached by mixtures of ice 
and the salts. It is not easy to make up freezing mixtures to reach 
such very low temperatures as that corresponding to the eutectic 
point of calcium chloride, for the leakage of heat from the walls of 
the containing vessel, etc., causes so much ice to melt that the solid 
salt is apt to become completely dissolved, and so not to give the 
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concentrated solution which is in equilibrium with ice at these very 
low eutectic points. 

Among the best freezing mixtures are the following mixtures of 
ice and salts. 


Soluble Substance. 

Weight of 
Soluble 
Substance. 

Weight of 
Crushed It^e 
or Snow. 

Lowest 

Temperature 

Reached. 

Calcium chloride hexahydrate 




CaClg.GHgO . 

100 

70 

- 56“ C. 

Common salt, NaCl 

33 

100 

-21-3“ C. 

66 per cent, sulphuric acid 

100 

no 

- 37“ C. 


Another type of freezing mixture dispenses with ice and depends 
on the negative heat of solution of certain salts. Thus the mixture of 
100 parts of ammonium nitrate with 130 parts of water causes a 
fall of temperature of about 27° C. 

89. Solutions containing more than One Salt. — If two substances 
are dissolved in the same portion of liquid it is usually impossible to 
predict with exactness the quantities which can be dissolved. It 
may, however, roughly bo said that substances which do not react 
chemically, and which do not yield a ‘ common ion ’ (§ 118) and 
which are not extremely soluble, affect each other’s solubility only 
to a small extent. Thus, in general, if n grams of a substance A 
can be dissolved in 100 gms. of water and m grams of a substance B 
can be dissolved in 100 gms. of water, then a solution saturated with 
both A and B will, as a rule, contain somewhat less than n grams of 
the former and m grams of the latter. 

If, however, the substances are electrolytes double decomposition 
will take place (p. 200) and the formation of new substances will 
increase the apparent solubility. Thus two salts, AB and CD, 
which do not yield a common ion, in consequence of the reaction 

AB + CD ^ AC + BD 

will dissolve to a greater extent when dissolved together than when 
dissolved separately. 

If the salts yield a common ion (as two nitrates, two sulphates, 
two sodium salts, etc.) they diminish each other’s solubility (§ 118). 

90. Doable Salts. — ^The formation of double salts, loose compounds 
of two or more simple salts is very common. Examples of such salts 
are the alums (§ 493), ferrous ammonium sulphate (p. 752), cupric 
potassium chloride, etc. (CuClf . 2KCi . 2 H 2 O). The conditions of 
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solubility of these can be worked out with the aid of the Phase 
Rule, but is beyond the scope of this book. 

Preparation of Double Salts. — ^As a rule, double salts can be made 
by mixing concentrated solutions of the single salts in the propor- 
tions required by the formula. 

Thus ferrous ammonium sulphate, FeS 04 . (NH 4 ) 2 S 04 . 6 H 20 ,may 
be made by mixing warm concentrated solutions of ferrous sulphate 
and of ammonium sulphate and allowing the mixture to cool. 

Many double salts can exist only imder certain conditions of tempera- 
ture. Thus astracanite, Na 2 S 04 . MgSOi . 4 H 2 O can only exist above 
22° C., while cupric potassium chloride only exists below 92° C. 

Again, many double salts can only exist in presence of a concentrated 
solution of one constituent. The double iodide of potassium and load 
can only be made by using an excess of concentrated potassium iodide 
solution. The addition of water at once decomposes it into potassium 
iodide and lead iodide. 

When a double salt is brought into contact with water it ordinarily 
dissolves, forming a solution containing both the salts of which it 
was composed. A solution of alum, for example, is indistinguishable 
from a mixture of the solutions of aluminium sulphate and of 
potassium sulphate (but see § 171). 

91. Colloidal Solutions. — Many substances which normally appear 
to be insoluble in water can be converted into colloidal solutions 
which differ from ordinary solutions in many respects. Thus, 
arsenic sulphide is, as ordinarily made, insoluble in water, but if a 
solution of hydrogen sulphide is poured into a dilute solution of 
arsenic trioxide the arsenic sulphide remains in solution . Again, gold 
is insoluble in water, but by careful reduction of solutions of gold 
chloride brightly coloured solutions of metallic gold are obtained. 

These ‘ colloidal solutions ’ are intermediate in character be- 
tween ordinary solutions and mere suspensions, resembling the 
latter, perhaps, the more closely, and it has been shown that they 
are either solutions of solutes of very high molecular weight (> 800) 
or suspensions of exceedingly fine particles, each consisting of 
many molecules. 

92. Preparation of Colloidal Solntioni. — Since most colloidal solutions 
are unstable in presence of electrolytes — acids, alkalis and salts — it is 
essential in preparing them to use materials of high purity and very 
clean apparatus. 

The chief methods of making colloidal solutions are ; — 

(1) By Chemical Precipitation , — ^If a very insoluble material is 
precipitated from dilute solution in absence of any considerable 
quantity of ions, a colloidal solution is often formed. Thus, if a cold 
dilute neutral solution of arsenic trioxide is saturated 

3H*S + AsgO* =» AsjS. + 3H,0 
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with hydrogen sulphide and filtered from coarser particles a clear yellow 
colloidal solution of arsenic sulphide is obtained. 

Again, if very dilute solutions of salts of the noble metals, say, gold 
chloride or silver nitrate, are reduced by certain substances, e.gr., 
hydroxylamine, phosphorus dissolved in ether, formaldehyde, etc., 
the resulting metal is not precipitated but remains suspended as a 
strongly-coloured colloidal solution. 

(2) By Mechanical Dispersion , — Mere fine grinding may be enough 
to bring a solid into colloidal solution. India ink forms a rather 
coarse colloidal solution and is simply made by grinding lamp-black 
with water and adding a little gum. 

Bredig*s electrical method consists of causing an arc to pass between 
thick wares of silver, gold or platinum immersed in pure iced water. 
The minute particles resulting from the condensation of metallic vapour 
and the mechanical disruption of the electrodes form a colloidal 
solution. 

98. Optical Properties of Colloidal Solutions. — Colloidal solutions 
are distinguished by remarkable optical properties not possessed by 
ordinary solutions. In the first place, they are not optically homo- 
geneous. A beam of light passed through such a solution shows a 
visible luminous track, while such a beam passing through pure 
water or a true solution is invisible. The light emitted by the 
luminous track is polarised. These properties indicate the presence 
in the solution of particles large enough to scatter the light passing 
through it. On examination with even a first-rate microscope 
most colloidal solutions, however, show no particles whatever and, 
accordingly, the particles of, say, colloidal gold are less than about 
•0004 mm. in diameter. 

The actual presence of the particles and their size can be deter- 
mined by the use of the ultramicroscope, which consists of a powerful 
microscope focussed upon a cell containing the colloidal solution. 
Through this cell is passed an intense beam of light at right angles 
to the axis of the microscope. The beam itself does not enter the 
lens, and the field would remain dark were it not that the colloid 
particles scatter the light and appear as bright points of light in 
rapid motion. The size of these points of light is very much 
greater than that of the particles which cause them. 

The actual size of the particles has been determined by counting 
the particles in a minute but known quantity of the solution by means 
of the ultramicroscope, and then determining the weight of the particles 
in a large quantity of the same solution. 

Thus, in a certain experiment, 0*01 c.c. of a solution of colloidal silver 
which had previously been diluted 100 times, contained 300 particles of 
silver. 

Of the original solution 100 c.c. contained 0*0068 gm. silver. 

Then *0001 c.c. contained gm. silver. 
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•0068 X *0001 

and one particle contained — iqO x ann silver. 


2*3 

10-6 


300 

= 2*3 X 10““ gm.i 
The density of silver is 10*6 and the volume of each particle was 


X 10““ o.c. 


and, assuming them to be spherical their radius was given by 

, 2-3 X 10““ 

the diameter == 1*677 x 10"® cm. 


Colloidal solutions pass through most filters unchanged, but 
ultrafilters prepared by treating filterpapers with collodion will 
retain the particles. 

94, The Brownian Movement. — ^If very fine particles of any 
insoluble solid are suspended in water, they remain permanently in 
a state of ceaseless motion. The motion can be observed with 
particles visible under the microscope — a drop of diluted India ink 
shows it well under a power of about 1,000 diameters. The motion 
is irregular and depends only on the size of the particles, the 
temperature and the viscosity of the liquid. 

Small particles show more rapid motion than large ones and the 
minute particles of colloidal gold are in very vigorous motion 
indeed. The Brownian movement is due to the repeated blows 
directed by the ceaselessly moving molecules of the liquid upon the 
suspended particles. A particle of carbon in india ink, at one 
particular moment, may be struck by half a dozen more molecules on 
the left side than on the right ; it is thus shifted to the right, while a 
fraction of a second later the process may be reversed and it may be 
shifted to the left or up or down. The motion is quite irregular, 
and Dinstein based on this fact a calculation relating to the total 
distance travelled in a given time, and from this distance it has been 
found possible to calculate the number of molecules in a gram- 
molecule of a compound (the Avogadro N, § 137). 

95. Electrical Properties of Colloidal Solutions. — Colloidal solutions 
are remarkable in that their particles are electrically charged, in some 
cases positively, in others negatively. Thus, if they are subjected 
to the action of an electric current the particles wander slowly to 
one pole or the other. They are precipitated by the addition of 
charged particles in the form of ions. Ions bearing a single charge 
are the least effective, and the precipitating power increases very 
rapidly with the number of charges. Thus aluminium salts 

^ The weight of a silver atom is about 1*7 x 10“** gm. so that even these 
minute particles would contain more than 10** atoms each. 
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yielding the ion A1+++ are about a thousand times as effective, 
weight for weight, as potassium salts yielding the ion K+. The 
use of alum in precipitating sewage and in tanning hides depends on 
this property. 

96. The Two Classes of Colloidal Solutions. — Colloids fall definitely 
into two classes, the ‘ lyophobe ’ colloids, which are represented by 
the fine suspensions we have mentioned above and the ‘ lyophile ’ 
colloids, which display a somewhat different set of properties. 

Both sets of colloidal solutions display certain common properties, 
such as the scattering of a beam of light, the tendency for the dis- 
solved substance to move under an electromotive force, precipita- 
tion by electrolytes, etc. 

The lyophilic solutions include such solutions as those of starch, 
gelatine, silicic acid, etc. These differ in several respects from the 
metallic and other lyophobic sols we have hitherto considered. The 
chief distinction between colloidal solutions of the two types is that 
the lyophilic colloids may be recovered from solution by evaporation 
or precipitation, and the material so recovered may again be dis- 
solved to form a colloidal solution. The lyophobe colloids, on the 
other hand, once precipitated from solution cannot be redissolved. 
Lyophilic colloids are also much more stable. Considerable quan- 
tities of electrolytes are needed to precipitate them and they will 
impart this insensitiveness to lyophobe colloids, such as colloidal 
silver. A mixture of the latter with, say, albumen, is very stable 
and may be preserved for long periods. The particles present in 
lyophilic colloidal solutions are, moreover, very much smaller than 
are those of the lyophobe colloids. 

These lyophilic colloidal solutions are highly viscous as a rule, 
and they also have the remarkable property of setting to a jelly 
or gel. 

97. Gels. — ^A strong colloidal solution usually sets to a jelly as a 
result of cooling and by warming is again converted to a solution. 
Thus a solution of gelatine or soap, when cooled, forms a jelly, which 
on warming liquefies once more, and this process may be repeated 
any number of times* A jelly of this kind has a heterogeneous struc- 
ture and may contain a honeycomb network of cells or filaments ; 
or films of more solid material enclosing a less viscous liquid. Gels 
are also obtained by coagulation. Aluminium or ferric hydroxide 
or silicic acid are precipitated as gels which differ from those of 
gelatine, etc., in that they will not liquefy on warming. These gels, 
when dried, retain water very obstinately, and it is impossible to 
dry them at, say, 100-110® C. to a constant composition. - It is only 
by heating them to near a red heat that we can expel the water from 
them. 
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The Cbystallinb State. 

98. Characteristics of Crystalline Substances. — ^A solid homoge- 
neous substance may be either crystalline or amorphous. Although 
in most cases the characteristic form which is the most striking 
property of a crystal does not emerge, it is found that the great 
majority of solid substances are built up of aggregates of large or 
small crystals. The only common non-crystalline solids are com- 
plex compounds of high molecular weight, such as cellulose and the 
proteins which compose the animal body. ^ 

Glasses, if we admit them as solids, are also i 

non-crystalline ; but we should rather regard 
them as super-cooled liquids. 

The essential properties of crystalline sub- 
stances are two. ^ 

(1) They are anisotropic.^ f 'Y’T; 

(2) They tend to assume a characteristic 1 | i j 

form. ; [I* 

(1) An isotropic substance is one of which 

the properties do not vary with the direction 
in which they are measured. Thus the re- • 1 

fractive index, elasticity or conductivity of J 

a sphere of glass is precisely the same if • 

measured along any diameter. This is not A 
the case with a sphere cut from a piece of v 

rock-crystal. We say that glass is isotropic 1 

and rock-crystal is anisotropic. i 

We find then that crystals in general are | 
anisotropic, and such of their properties as 32 ._showing that 
are directional in character vary with the th« conductivity of 

direction relative to the axes of the crystal in quartz varies accord- 

which they are measured. Thus the conduc- Xch h 
tivity of a crystal to heat or electricity varies 

with its direction. If plates cut from a quartz crystal in a direction 
parallel to its longitudinal axis, be coated with wax and heated 
by means of a hot wire applied at one point, the area of melted 
wax takes an elliptic form, showing that the heat is conducted 
more rapidly in the direction of the long axis of the crystal ; a 
plate cut at right angles to the axis shows, however, no such 
asymmetry. 

Other properties which may vary with the direction in the crystal 
along which they are measured are the colour, behaviour to 

‘ Cubic crystals being fully synunetricsl are isotropic and nothing said in 
this section applies to them. 




106 


SOLUTION AND CRYSTALLISATION 


polarised light, magnetic properties, elasticity, hardness and 
coefficient of linear expansion. 

(2) Crystalline matter has a tendency to assume a characteriatic 
form when deposited in such a manner as to allow of its develop- 
ment. The form assumed is always that of a polyhedron, a solid 
bounded by plane surfaces intersecting at straight edges. Such a 
form is the expression of an internal structure and the form assumed 
is characteristic of the substance crystallising. 

The property of ‘ cleavage ’ is also characteristic of crystals. The 
cohesion between the parts of the crystal is a minimum along certain 
planes. The molecules in a crystal are regularly arranged so that 
certain planes drawn through the crystals will pass through very 
many molecules, while other planes may be drawn so as to pass 



Fig. 33. — Cleavage fragments of calcite. 


through few or none, and accordingly the crystal tends to split in 
such a way as to separate along these latter planes. This property 
is displayed by almost all crystals. The cleavage may be exhibited 
parallel to the faces of the original crystal, but this does not always 
occur. Calcite shows cleavage very clearly. Calcite crystals 
cleave along three planes ; other crystals, as, for example, diamond, 
along four ; others, as mica, along one only. A few crystals, such 
as those of quartz, show no tendency to cleavage. The cleavage 
of diamonds is used as a means of cutting these intensely hard 
crystals. 

99. The Characteristic Forms of Crystals. — The study of the form 
of crystals is a difficult task, and is in some respe6ts geometrical 
rather than chemical in character. 

The classification of crystals into systems is based on the degree 
of symmetry shown by the crystals, the cubic system having the 
highest degree of symmetry. Without some little knowledge of 
solid geometry it is not possible to appreciate the method of classi- 
fication into seven systems and thirty-two types, and it must 
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suffice here to give photographs of real crystals of each type. In 
studying the photographs of Plates IV.-X. it should be remem- 
bered that the symmetry and not the particular external form 
is the criterion of classification of a crystal. Thus a cube and 


System. Also known as Axes of symmetry, 

I. Cubic . . Regular, Octahedral. Three equal fourfold axes at 

right angles. 

II. Tetragonal . Quadratic. Three axes, two equal, one un- 

equal, at right angles. 

III. Orthorhombic. Rhombic, Prismatic Throe unequal axes at right 

angles to each other. 

IV. Monoclinic , Oblique. One axis of symmetry and a plane 

of symmetry perpendicular to it. 

V. Anorthio . Triclinic. No axis or plane of symmetry. A 

centre of symmetry may exist. 

VI. Hexagonal . — One sixfold axis ; three twofold 

axes at right angles to it. 

VII. Rhombohedral — One three-fold axis : three two- 

fold axes at right angles to it. 

a regular octahedron exhibit the same type of symmetry, and 
crystals which are perfect octahedra may therefore belong to the 
cubic system. 

100. Deposition o! Crystals from Solution. — A solution of a sub- 
stance is in equilibrium with the solid when it is saturated with it. 



If such a solution is ever so little cooled it will no longer be in equili 
brium with the solid, and if any particles of the solid are present these 
will grow into crystals of the substance in question. If no such 
particle is present the question of equilibrium does not arise, and in 
fact no solid is, as a rule, deposited until the solution has been 
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cooled some 10® C. below the saturation temperature. When this 
degree of super-cooling has been reached a shower of minute crystals 
suddenly fills the liquid . These facts may be represented graphically 
by regarding a solid as having a double solubility curve as in Fig. 34. 
Under the conditions of temperature and concentration represented 
by the area A, crystallisation will take place only if the solid is 
present ; while the area B represents the conditions under which it 
will take place spontaneously. These areas are not sharply defined 
and have no theoretical justification. The phenomenon is of 
importance, however, in the practical preparation of good crystals. 

It seems probable that the dust floating in air contains large 
numbers of nuclei of crystals of almost every kind These nuclei 
are apparently minute crystals of, perhaps, a few dozen molecules. 
Their wide distribution is probably a consequence of their minute 
size, a very little of the substance being able to form an enormous 
number of nuclei. When substances are made for the first time, 
the air can contain no trace of their nuclei and they sometimes 
remain obstinately uncrystallisable. When they have been made 
half a dozen times in the laboratory the air contains nuclei of their 
crystals and no difficulty is found in crystallising the substances. 

101. Formation of Regular Crystals. — In order that a few well-formed 
crystals should be obtained it is necessary to ensure that crystal nuclei 
are not present in too great numbers. In ciystallising a salt it is best 
therefore not to use a solution which is so concentrated that the process 
of cooling to room temperature will cause spmtaneous crystallisation 
(area B in diagram). A solution should bo made up so as to be saturated 
about 10° C. above room temperature. It is then covered from dust 
and left overnight in a place where the temperature is oven and whicli is 
free from draughts and vibration. Under these conditions only a few 
nuclei will enter from the air and on these will be produced small 
well-formed crystals, which should be removed before the temperature 
begins to rise as the next morning advances. 

If it is desired to make larger crystals these small well-formed crystals 
are suspended by a hair in an open vessel containing a saturated 
solution of the substance to be crystallised. This solution must be kept 
at an even temperature, preferably in a cellar or a thermostat. Gradual 
evaporation causes the solid to deposit slowly on the crystal without 
formation of fresh nuclei to act as crystal centres. A good method is 
to place the salt solution and crystal and also a dish of sulphuric acid 
under a bell- jar in a place free from vibration and even in temperature. 
The sulphuric acid absorbs the water vapour and promotes rapid 
evaporation. 

Structure of Crystals. 

102. SpEce*lattice. — It had been realised, since the earliest times of 
crystal-study, that crystal structure could be accoimted for after a 
fashion by supposing that crystals were aggregates of particles arranged 
in an orderly manner in space. Haiiy, “ the father of crystallography,” 
showed that simple geometrical solids such as cubes or spheres could 



STRUCTURE OP CRYSTALS 


109 


be piled into patterns which reproduced various crystal forms, and 
thereby showed that an orderly arrangement of particles could produce 
bodies of regular form analogous to crystals. 

We now believe that a crystal is made up of atoms, molecules or ions 
regularly arranged in contact. Two atoms, of course, cannot be in con- 



Fia. 35. — Pile of cube.s reproducing crj’-stal forms. 


tact in the same sense as are the cubes of Fig. 35. The boundary of an 
atom or molecule is not a sharply defined surface : but if we accept an 
atom’s boundaries as being at the half-way distance between the centres 
of two atoms brought as close to each other as electrical repulsion allows, 
it is true to say that the atoms in a crystal are in contact. The kinetic 
heat-movement of the atoms does not require appreciable spaces between 
the atoms, for it is of very small amplitude. 

Bravais assumed that a set of particles — actually atoms or molecules 



— ^was present in the crystal and that these were arranged in apace- 
laUicea. By a space- lattice is meant an arrangement of rows of points 
in three dimensions, such that the points form a series of ‘ cells ’ con- 
sisting of parallelepipeda. The space-lattice is homogeneous, «.e*, the 
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arrangement of points about any one point is the same as the arrange- 
ment about any other. Figs. 36, 37 illustrate more clearly than a 
short description what is meant by a space-lattice. 

Now when the mathematician gets hold of an arrangement like a 



Fig. 37. — ^Another type of space-lattice, the face-centred cube. 


space-lattice he goes entirely beyond the range of the chemist’s 
comprehension, but finally emerges with remarkable results. 

The work of Bravais, Sohncke, Schoenflit^s, Fedorov and Barlow 
established that there could exist two hundred and thirty types of space- 
lattice, They worked out, moreover, that if the molecules (or parts of 


B 



Fio. 38. — ^Possible crystal faces in a cubic space-lattice. 

ABCD — cubic face — 1 point per unit area. 

EFG — octahedron face — 1 point per 2 units area. 

IJHG — 1 point per 2-276 units area. 

molecules) in a crystal were arranged in these lattice systems the 
existence of the whole of the thirty ‘•two classes of known crystals could 
be explained. 

It was supposed that the faces of a crystal represented planes inter- 




X . Hhomdojiedral System. Culcito ((^iC’Oa). 


[To face p. 110. 



Xa. Laue Photograph of Nepiieline. 

(liy hind permission of the ** Mineralogical Magazine,'"') 
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80 cting the lattice in such a way as to pass through a largo number of 
molecules. Consider for example the simple cubic lattice shown in 
Fig, 38. Such a plane as ABCD represents the most probable crystal 
face, for it passes through the densest array of molecules possible, 
1 per unit area (calling the least distance between two molecules unit 
distance). This lattice would be one of those possible for the cubic 
system, and faces based on pianos, such as ABCD, would produce a 
cuboid. But such faces as these are not the only possibility. It is 
well known that many substances which crystallise in cubes can 
crystallise also in octahedra. Thus common salt crystallises in cubes 
from pure water, but as octahedra from water containing a trace of 
gelatine. 

If we select as a possible crystal face the plane EFG, which contains 
the next greatest number of points (1 per 2 units of area) it will be seen 
that a crystal bounded by these faces will form an octahedron. 

Thus the same lattice can account for two types of crystal, cubes and 
regular octahedra. This lattice can actually account for many more 
than these two simple types. Thus the diamond, which has a type of 



Cube. 



Fig, 39. — Cubic crystals. 


cubic space -lattice, often forms the remarkable hexakis-octahedra of 
forty-eight faces shown in Fig. 39. 

In similar, though more complex fashion, it was established that all 
the patterns of crystal faces found in practice could be explained by 
the assumption that the crystals of any one system were based on 
a set of particular types of lattice all having the symmetry of that 
system. 

This theory was worked out before any direct evidence as to internal 
structure of a crystal could be obtained. The remarkable work of 
Laue, Bragg and others on the reflection and diffraction of X-rays by 
crystals has now enabled us to ascertain directly the nature of these 
lattices which are the foundation of crystal structure. 

108. X-rays and Crystal Structure. — In the year 1912 Dr. Laue, of 
Munich, discovered that the internal planes of molecules in the space- 
lattice structure of a crystal were capable of diffracting X-rays though 
they were not able to diffract light. X-rays are radiation of the same 
character as light but differ from it in having a wavelength not much 
greater than the diameter of an average molecule, while the wavelength 
of sodium light is about 6 x cm., about 5,000 times longer. 

Laue’s method of examining a crystal was to project into it a pencil 
of X-rays and receive the trace on a photographic plate. The pencil is 
broken up and a series of symmetrically arranged spots are obtainecL 
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The cause of this phenomenon was diffraction by the internal planes 
of molecules in the crystal, and each spot reveal^ by a mathematical 
analysis the position of an internal plane of molecules or possible crystal 
face. Plate Xa shows a Laue photograph of the hexagonal mineral 
nepheline. 

Sir William Bragg soon devised a second method of attacking the 
problem. Instead of using the crystal as a diffraction-grating, he 
obtained reflections of X-rays from its internal molecular pianos. He 
projected a fine pencil of X-rays on to the crystals and measured the 
several angles at which it was reflected, these angles corresponding 
to the position of the internal planes (Fig. 40). In this way he obtained 
the position of the planes and also their distance apart. The latter 
value was obtained by the study of interference effects. 

It must suffice here to mention some of the remarkable resulta 
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Fio. 40. — Section, cubic crystal. AB, DE, BC ; planes at which reflection 
of X-ray can take place. 


obtained. In the first place the work of Laue and Bragg entirely 
confirms the mathematical deduction that crystals consist of molecules 
or atoms arranged in spaoe-lattices. More than this, it has thrown a 
good deal of light on the mode of combination of many chemical 
substances. 

The study of the rock-salt crystal soon revealed that the units of 
which the lattice was built up were not NaCl molecules, for a study of 
the interference effects produced by refiection at successive planes 
showed that the octahedral planes of this substance were alternately of 
different materials, which appeared (from considerations of their 
reflecting power) to be sodium and chlorine atoms, or rather, ions. 

It became clear that the structure of a sodium chloride crystal was 
that shown in Fig. 41. The “ cubic ” plcmes contain both kinds of 
atoms and the octahedral planes only one kind. Moreover, every 
sodium atom is surrounded by six evenly-spaced chlorine atoms, and 
every chlorine atom by six evenly -spaced sodium atoms. The remark- 
able conclusion is then forced on us. that in such a crystal as that of 
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sodium chloride the identity of each molecule is lost and no particular 
chlorine atom belongs to any particular sodium atom. 


No Cl Na 



Fig. 41. Structure of sodium chloride orystal. 





Fig. 42. — Structure of sodium chloride crystal. 

Plane ABC contains only sodium atoms. Plane DEF contains only chlorine 
atoms. Sodium atom = •, chlorine == Q* 

The study of other crystals of salts revealed a similar state of ajSairs. 
In each ctuse the ions, but not necessarily all the atoms, were separate 
imits. Thus, in oalcite CaCO, the Ca ions and COg groups form 

T.O. 1 
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separate units, but the oxygon and carbon atoms are linked in such a 
way that each COg group retains its individuality while in the crystal. 

The crystals of salts in general show lattices made up of individual 
ions. The crystals of covalent compounds, which, of course, do not 
ionise, are of two types. In the first and most usual, the miit is the 
molecule. Since the molecule in general has little attraction for a 
similar molecule, crystals of this type are usually soft and readily 
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Fig. 43. — Structure of beryllium oxide. 

(a) Plan. Black circles represent beryllium atoms ; white circles 
represent oxygen atoms. (6) Beryllium atom co-ordinated to four 
oxygaa atoms, (c) Showing the electronic linkages. 

fusible or volatile. The crystals of such substances as sulphur, benzene, 
sulphur trioxide, chlorine, may provide examples. 

These are in great contrast to the crystals of salts in which the ions 
are powerfully held together by the attraction of their opposite charges. 
The ions in salt-crystals are tjierefore hard to sex>arate and true salts 
are usually of very high melting point and boiling point and fairly hard. 

The second type of crystal formed by covalent compounds is the 
giant molecule. In such a crystal every atom is chemically combined 
by a covalent linkage with the next. The example of the diamond 
(§ 529a), of which the structure is shown on p. 406, illustrates the 
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properties of great hardness and very high melting point and boiling 
point, which result from this very firm attachment of the atoms. 

Other examples of giant molecules are a^fforded by the silicates (§ 599a) 
and by many metallic oxides, such as beryllia, alumina after ignition, etc. 
The hardness and infusibility connected with giant molecules is well 
illustrated by the latter. 

These oxides form giant molecules by co-ordinate linkages from the 
oxygen atom to the metal atom. Thus beryllium oxide may have the 
structure illustrated in Fig. 43. The large white circles represent a layer 
of oxygen atoms (B, B) occupying the least amount of space possible. 
In half of the interstices between them are the small beryllium atoms, 
represented as black circles (D, D) : above these again is another layer 
of oxygen atoms, shown as broken white circles (C, C). Each beryllium 
atom is covalently linked to four oxygen atoms and eaeh oxygen atom 
to four beryllium atoms. Alumina has a similar structure. 

Since X-rays are reflected by the individual atoms and not the whole 
molecule, and since atoms differ much in their power of reflecting 
X-rays, it is possible to interpret the X-ray reflection spectrum of a 
complicated compound in such a way as to ascertain the relative 
positions of some or all of the atoms. This has thrown much light on 
the structure of many complicated compounds, notably the poly- 
silicates, the structure of which remained unsolved \mtil the Braggs 
elucidated it in the work described in § 699a. 

103a. The Shape of Molecules. — It will be seen that the above method 
may give a general idea of the shape of a molecule and a very fair idea 
of the ** lay-out ” of such large molecules as those of the silicates, 
alum, etc., has been gained. 

Small molecules cannot easily be treated in this way. However, 
the study of the spectra of the light diffracted by liquids (Raman 
spectra) and the study of infra-red spectral lines, which are brought 
about by the vibration and rotation of the whole molecule, have led to 
a few simple conclusions. In the first place, the shape of a molecule 
is not easily changed. The linkages will bend somewhat, but can only 
be stretch^ to a very small extent. Triatomic molecules are very 
rarely linear, carbon dioxide, 

0=0 = 0 , 

and probably nitrous oxide, N = N O, are the only examples. The 
majority have the end atoms at an angle of 100°- 140®. The ammonia 
molecule forms a flat pyramid. Evidence of the following forms for a 
few simple molecules has been given. 



Fio. 44. — Shapes of simple molecules. Numbers I, II, and VI are drawn 
to a scale of roughly 10* : 1. 



CHAPTER V 


THE RATE OF CHEMICAL REACTIONS AND 
CHEMICAL EQUILIBRIA 

104. Meaning of Rate of Reaction. — ^The study of such a phenomenon 

as chemical change is not really begun until an attempt has been made 
to measure its exttmt or intensity. The three chief quantities which 
have been measured in connection with chemical reactions are : (1) The 
masses taking part in the change (pp. 30-41). (2) The energy evolved 

(pp. 27-30). (3) The rate at which the change takes place. 

It is with the last of those that we now concern ourselves. By the 
rate of a reaction we mean the quantity of material transformed in unit 
time. The quantity of the reagents transformed is expressed in gram- 
molecules and the unit of time is usually the second. It will be seen at 
once that we cannot say that a reaction^ say the decomposition of 
hydrogen peroxide, 

2Ha02 - 2 H 2 O + O 2 , 

has any particular fixed velocity. The velocity of reaction of any 
particular lot of the material depends on a number of factors, such as 
the quantity of material present, the temperature, etc. 

105. The Mechanism of Chemical Change.—There is still a groat 
deal of uncertainty as to the exact mechanis?n of chemical change, 
but some useful guidance can be gained from the kinetic theory and 
the many measurements of the rate of chemical reactions which 
have been made. 

We picture a solid as an assembly of atoms and molecules cease- 
lessly vibrating but rarely or never actually coming into contact. A 
liquid we regard as a concourse of atoms or molecules in chaotic 
motion ceaselessly striking each other and rebounding, held to- 
gether by molecular attraction, but prevented from intimate and 
continuous contact by their motions. 

A gas we conceive as mainly consisting of empty space through 
which molecules are continuously flying, rebounding one against the 
other. 

Now if chemical reaction between two or more substances is to take 
place it is evidently necessary that there should be either contact 
between the reacting molecules or at least an approach to an 
exceedingly short distance. If this is the case it is to be expected 
that chemical reaction between two solids should be very difficult to 
bring about, for the molecules of the one solid cannot come into 

1X6 
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contact with those of the other. On the other hand, liquids and 
gases should be able to react easily both with solids and with each 
other. This is indeed the case, and the old adage, “ Corpora non 
agunt nisifluiday' (Bodies do not react except in the fluid state, e.g,, 
as a gas or liquid), while not fully true, is very nearly so. Non- 
volatile solids react only if vigorously rubbed together or subjected 
to very great pressures. 

If, then, a condition for chemical reaction is that the two kinds of 
molecules concerned shall come into contact, we may deduce that 
anything which increases the number of collisions between the 
different kinds of molecules will also increase the rate of reaction. 
Now the number of collisions taking place can be influenced in two 
w ays : 

(1) The average distance of the molecules from each other may be 
made greater or less. This can be done in the case of a gas by 
decreasing or increasing the pressure upon it. 

Suppose a particular molecule confined in a given space passed 
through a fixed point once per minute on an average. If we halve the 
space through which it can travel it will pass through the point twice as 
often. Now if two molecules are going to meet in a chemical reaction 
they must be at the same spot at the same time. If w e lialve the volume 
of the gas we double the chance of each molecule bc'ing at any particular 
spot at any particular time and we, therefore, multiply by four the 
chance of both molecules being at the same spot at the same time. 

Accordingly, where two kinds of molecules are present in a gas, the 
number of collisions between two molecules of different kinds varies 
as the square of the pressure, and where 7i kinds of molecules are present 
the number of collisions between n molecules of difftuent kinds varies as 
the nth power of the pressure. Now, other thnigs being equal, the 
more collisions there are between the molecules the more chemical 
reactions take place b<Jtween them. It follows then that in a gas 
mixture where n molecules are required to meet to ]:)roduce a chemical 
reaction, the rate of the reaction (i.e., the quantity of material trans- 
formed in a given time) will be proportional to the 9^th power of the 
pressure. 

(2) The number of collisions taking place between different kinds 
of molecules is influenced by the numbers of each kind present. 

A little thought will show that the chance of a molecule of one 
kind hitting a molecule of another kind depends on the numbers 
of both of them present in a given space. For, using the same 
argument as before, if we require two molecules of different kinds to 
meet, the chance of a molecule of the first kind being at a particular 
spot is proportional to the number of that kind of molecule within 
reach of it, and in the same way the probability of a molecule of the 
second kind being there also depends on the number of that kind of 
molecule within reach of it. 
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106. The Law of Mass Action. — ^These facts were expressed by 
Guldborg aiwi Waage in the Law of Mass Action, which lays down 
that — “■ 

The rate of a chemical reaction is proportional to the concentra- 
tions of each of the reacting components. 

This does not mean that the rate of reaction is proportional to the 
weights of the reacting substances present, but to the numbers of each 
kind of molecule present in a given volume. Now one gram-molecule 
of any substance contains the same number of molecules (c. 6*0() 
X 10^) and we can therefore express our concentrations as gram- 
molecules per litre. 

The Law of Mass Action does not tell us anything about the abso- 
lute rate of reaction, which must be determined by experiment. It 
tells us only how the rate will alter according to the concentration 
and proportions of the reacting substances. 

Experiment entirely confirms the Law of Mass Action, and the 
success of the theory of equilibria developed from it (§ 110) is an 
additional argument in its favour. 

107. Effect of Temperature on the Speed of a Chemical Reaction. — 
The effect of a rise of temperature on a chemical reaction is invari- 
ably to increase the rate of reaction. According to the kinetic 
theory a rise of temperature increases the velocity of the molecules 
and, therefore, the number of collisions taking place between them. 
This increase can be calculated, and accounts for an increase of the 
rate of a chemical reaction amounting to some 2 per cent, per degree 
centigrade. Now, actually, the rate of increase of the velocity of a 
chemical reaction is from 10 to 20 per cent, per degree centigrade. 

The cause of this apparent discrepancy is the fact that not all 
collisions of molecules capable of reacting result in a chemical 
reaction. Thus in a mixture of hydrogen and chlorine in diffused 
daylight (§ 1047) each hydrogen molecule hits a chlorine molecule 
about a billion times eveiy second, but most of the hydrogen and 
chlorine molecules are unchanged after an hour I Thus in a case 
like this combination only occurs where a collision occurs in such a 
way that the molecules are able to react. We do not know very 
much about the conditions which lead to two molecules combining 
when they collide, but it is thought that their internal energy 
resulting from the relative movements of the atoms and electrons 
which compose the molecules is the chief influence. From a study of 
specific heats it is clear that by no means all the heat which enters 
a body goes to increase the external motion of the moleculesr A 
certain proportion is used up in increasing the internal energy of 
the molecules, and it is probably this internal energy which influences 
the rate of reaction so greatly. 
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108. Catalysis. — The speed of chemical reactions is not only 
influenced by temperature and pressure ; for in many cases the 
presence of some substance which apparently takes no part in the 
reaction has a remarkable effect on the reaction velocity. This 
phenomenon is known as catalysis ^ and the substance accelerating 
(or retarding) the chemical reaction is called a catalyst. 

A catalyst may be defined as a substance which, when present in com- 
paratively small proportion, infiuences the speed of a chemical reaction 
without itself being altered in quantity or chemical composition. 

The influence may be positive or negative, may accelerate or 
retard the reaction. There is controversy on the point as to whether 
the catalyst can start a reaction or only accelerate a reaction which 
is already in progress. Certain chemical reactions appear to be 
started by a catalyst, but these are often said to be reactions already 
in progress at an immeasurably slow speed. The distinction between 
a reaction so slow that we cannot detect its rate of reaction, and a 
reaction which is not taking place is clearly only theoretical. 

A catalyst may accelerate or retard a reaction, but is considered 
to be unable to influence the final state of equilibrium, ^^e., to catalyse 
one of two opposing reactions to a greater extent than the other. 
Ostwald proved this theoretically, but the point is still in dispute 
as to whether his assumptions are valid for all cases. 

Cases of catalysis fall into two groups, homogeneous and heterogeneous 
catalysis. Tho first are cases in which the catalyst is not separated by 
any bounding surface from the reaction mixture. A typical example 
is the catalysis of the reaction of ethyl acetate and water to alcohol and 
acetic acid by, say, hydrochloric acid. 

CjHfi . O . CO . CH3 -f HgO ^ C2H5OH -f CHg . COOH. 

The addition of hydrochloric acid may cause the rate of the decom- 
position to increase more than a Inmdred times. 

Again, carbon monoxide and oxygen will not react when heated 
unless a trace of water vapour is present. 

In heterogeneous catalysis tho catalyst is marked off from the reaction 
mixture by a surface. Examples are the catalysis of the reaction 
between sulphur dioxide and oxygen by platinum, or the decomposition 
of hydrogen peroxide in presence of the same metal. 

The action of catalysts chiefly depends : 

(1) On the formation of unstable ‘ intermediate * or ‘ carrier * 

compounds. 

(2) On the condensation of a layer of the reacting products at a 

high concentration at or near the surface of the catalyst. 

109. Types of Catalyst. — ^Almost all reactions may be catalysed 
and almost any substance may act as a catalyst (t.e., alter the 


^ Gk. icardKvats, an ** unloosing.’* 
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velocity of some reaction), but none the less there are certain types 
of substance which act as catalysts in a marked degree. These are : 

(1) Compounds which are readily oxidised and again restored by 
reduction or vice versa. These include compounds of elements of 
easily variable valency, chief among which are the ‘ transition ’ 
elements of the periodic table and certain other substances, such as 
bromine and iodine. 

A typical example of catalysis brought about by such compounds 
is the catalytic effect of cobalt hydroxide in bringing about the 
decomposition of hypochlorites. If we add a few drops of cobalt 
sulphate to a warm solution of sodium hypochlorite oxygen is rapidly 
evolved. The final result of the reaction is expressed by 

2NaOCl = 2NaCl + Og, 

but the actual process is probably 

(1) The formation of cobalt hydroxide with the alkali present 

C0SO4 + 2NaOH = Na2S04 + Co(OH)2 

(2) The reaction of the hypochlorite and cobaltous hydroxide to 

form cobaltic hydroxide 

NaOCl + H2O + 2 Co(OH) 2 = NaCl + 2Co(OH)3. 

(3) The decomposition of the unstable cobaltic hydroxide into 

cobaltous hydroxide and oxygen. 

2 Co(OH)3 = 2Co(OH)2 + 0 + H 2 O. 

The cobaltous hydroxide is then re-oxidised by more of the 
hypochlorite and the whole process is repeated. 

As a second example we may take the catalysis of the reaction of 
nitric acid and sulphur by bromine. If nitric acid is heated with 
sulphur the reaction is very slow, but if a little bromine is added the 
reaction is much accelerated. None of the bromine is used up in the 
reaction. 

The process is probably : 

(1) Formation of a sulphur bromide 

2S + Brg = SgBrg. 

(2) The decomposition of this by water to sulphur, sulphur 
dioxide and hydrobromic acid 

2S2Br2 + 2H2O == SO2 + 4HBr + 3S. 

(3) The oxidation of the sulphur dioxide to sulphuric acid 

SO2 + 2HNO3 = H2SO4 + 2NO2. 

(4) The oxidation of the hydrobromic acid and restoration of the 
original bromine 

2HN08 + 2HBr = 2H20 + 2NO2 + 
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The bromine then combines with more sulphur and the above 
reactions again take place. 

(2) Hydrogen ion is one of the most effective of catalysts. A 
great number of reactions are accelerated or retarded by the presence 
of acid, and in many of these cases no adequate explanation has 
yet been given. 

The action of water upon the organic substances known as esters 
and analogous to inorganic salts is strongly catalysed in this way. 
Thus the reaction of ethyl acetate and water to form ethyl hydroxide 
(alcohol) and acetic acid 

C2H5O . OC . CH3 + H . OH ^ C2H3OH + HO . OC . CH3, 
I)rocoeds hundreds of times more rapidly if hydrion (derived from 
an acid) be present. 

(3) Water is apparently a universal catalyst. It appears that the 
majority of reactions are slowed up almost to cessation by the com- 
plete removal of water from the reacting substances. The whole 
question of “ intensive drying ** is discussed in the chapter on Water, 
§§ 204-207. 

(4) Metals, notably the transition elements of the eighth group of 
the periodic table. 

The substances mentioned already as catalysts probably act, in 
most cases, by forming ‘ intermediate ^ or ‘ carrier ’ compounds 
with the reacting substances. A large group of catalysts, including 
most of those of the highest commercial importance, appear to act 
in a quite different manner. Certain metals, notably platinum and 
its congeners, nickel, cobalt, iron and copper, are exceedingly effec- 
tive catalysts for reactions in which gases, more particularly 
hydrogen, are concerned. Among important reactions catalysed 
in this way may be mentioned : 

(а) 2H2 +02 = 2H2O, catalysed by platinum . v. § 1228 

(б) 2SO2 + O2 ^ 2SO3, catalysed by platinum . t?. § 930 

(c) C2H4 + Hg = C2H3, catalysed by nickel. . v. § 1202 

(d) Ng + 3H2 ^ 2NH3, catalysed by iron . • v. § 689 

It seems on the face of it very improbable that an element such 

as platinum, which forms compounds only with the most reactive 
substances, should form a large series of compounds with the very 
various reaction mixtures which it can catalyse when these are 
passed over it. It is, of course, possible to say that in reaction (6) 
platinum oxide is formed and decomposed. 

(1) Pt + O2 = PtOg. 

(2) PtOg + 2SO2 = Pt + 2SO3, 

but since there is no evidence that platinum forms an oxide under 
these conditions this theory is rightly rejected. 
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The most probable explanation of the activity of these metals is 
connected with the fact that they have the power of absorbing 
considerable volumes of gases. It is thought that the gases of the 
reaction mixture are condensed on the surface or dissolved in the 
surface layer of the metal. In this way the concentration of the 
reaction mixture is greatly increased and the reaction is thereby 
accelerated. 

This is certainly not the whole story, for the increase of velocity 
is too great to be accounted for in this way. Moreover, the fact that 
different metallic catalysts may cause different products to be pro- 
duced from the same reagents is very difficult to explain. 

Thus a mixture of carbon monoxide and hydrogen passed over 
a heated catalyst gives : 

(1) With a copper catalyst at 300° C. mainly formaldehyde, 

CO + Hg = CHgO. 

(2) With a catalyst of zinc and chromium oxides at 300°“358° C., 
chiefly methyl alcohol, 

CO + 2H2 = CH4O. 

(3) With a catalyst of finely-divided nickel at 150°~200° C., 
chiefly methane, 

CO + 3H2 = CH4 + HgO. 

The chief theories of catalysis are discussed in works on Physical 
Chemistry. A very good general idea of the various causes of 
catalysis can be put forward, but it is rarely possible to predict 
theoretically the quantitative effect of a catalyst on a reaction. 

The road to a better understanding of catalysis is a clearer know- 
ledge of what happens when two molecules react — a knowledge 
which we are slowly gaining. 

No single explanation of catalysis can ever be given, for the term 
groups together a large and varied collection of phenomena which 
probably have little in common save their result, the acceleration 
or retardation of a reaction. 

Chemical Equilibrium 

110. Reversible Reactions. — It is not uncommon to find that 
. the products of a reaction themselves react, forming the original 
reagents once more. Thus, if hydrogen and iodine vapour are 
heated to 400° C. they combine, forming hydrogen iodide. 

(1) H 2 + I 2 2HI, 

while hydrogen iodide itself at this temperature decomposes, forming 
hydrogen and iodine. 
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(2) 2HI-->H3 + l2. 

Thus at 400® C. both reactions will always be proceeding and 
hydrogen, iodine, and hydrogen iodide will always be present. We 
symbolise these processes as 

Hg + la ^ 2HI. 

From the Law of Mass Action it will follow that the speeds of these 
reactions will depend on the quantities of the reagents present. 

Now the substances which react most quickly will disappear most 
quickly. These will therefore be diminished in quantity and, as 
time goes on, will react more slowly. Finally, a state will always 
be reached when the forward reaction (1) is proceeding at the same 
speed as the reverse reaction (2), and the products and reagents are 
both disappearing at the same rate as that at which they are being 
formed. The substances are then said to be at equilibrium. 

Wo may now express these facts in general terms. If one or more 
substances undergo a chemical reaction, fonning products which them- 
selves react, in such a way as once more to form the original substances, 
the reaction is said to be reversible. If the substances are called A and 
B and the products C and D, there are clearly two reactions in progress 
at the same time ; 

(i) A -H B C + D. 

(ii) C + D A + B. 

These two reactions are symbolised by the equation, 

A -f- B O “f- B. 

Since both products and original substances are reacting to form each 
other, the final result will be a mixture containing all the products and 
original substances in proportions depending on the concentrations of 
the reagents, the temperature, and, above all, the nature of the 
substances used. 

The paramount guide in the study of reversible reactions is the Law 
of Mass Action. Symbolically expressed, the Law of Mass Action states 
that in any chemical reaction 

A-i-B-|-C*-}“..., etc. = E d-F -f-G-f- ..., etc. 

the velocity {v) of the reaction is directly proportional to the active 
masses of the reacting substances, i.e., to their concentrations expressed 
in gram-molecules per litre. 

V = klA] [B] [C] 1 etc (a) 

This equation may be applied to an equilibrium reaction. 

Let the substances P, Q, R, etc., be in chemical equilibrium with the 
substances S, T, U, etc,, 

P + Q + R ... etc. ^ S + T + U ... etc. 

^ [A] is to be read as ** the concentration of A.’* 
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Then two reactions are going on simultaneously : 

P + Q + R + ... etc. S + T + U + ©tc. , . (6) 

and S “}“ T *4“ U -f- ... etc. — P -f- Q -j- R 4~ ... etc. • • (c) 


Then by the Law of Mass Action, which loads to equation (a) above, 
the velocities Vj, V 2 of the reactions (6) and (c) are given by 

1 ,^ == A;'[P] [Q] [R] ...etc (d) 

and v j = k"[S] [T] [U] . . . etc (e) 

Wlien equilibrium is reached there is no further change in the con- 
centrations of the substances. It therefore follows that the rate of 
transformation of P, Q, R into S, T, U is, at equilibrium, the same as the 
rate of transformation of S, T, U into P, Q, R, and therefore that Vj = v^- 
If Vi = V 2 at equilibrium, then also 

*'[P] [Q] [R] ••• ©tc. = r[S] [T] [U] ... etc. 


[P] [Q] [R] [etc.] 
[S] m [U] [etc.] 


The constant K is called the equilibrium constant : it has a fixed value 
for any specified reaction under specified conditions of temperature. 


The general equation 


[ P] [Q] [R] [etc.] _ ^ 
[S] [T] [U] [etc.] 


which applies to all mixtures which have reached chemical equilibrium, 
is of great importance as enabling us to predict the effect of alterations 
of the concentration of one or more substances upon the concentrations 
of the other compounds present in an equilibrium mixture. 

Let us consider the way in which this equation may be applied to 
a simple equilibrium reaction. 

We will take as illustration the simple type of bi-molecular reaction 
represented by the equation 

A -f B^C + D. 

(1) To predict the effect of the addition of a reacting co^nponent (say A) 
to the equilibrium mixture, the total volume remaining unchanged. 

From a consideration of the Law of Mass Action we may write the 
equation connecting the concentrations of the reacting substances at 
equilibrium, 

[A] [B] _ 

[C] [D] 


If we add A, we increase the concentration of A, i.e., [A]. The 
equation can then only be satisfied by an increase of [C] or [D] or a 
decrease of [B] or all of these. This can only come about by the sub- 
stance B reacting with A and forming C and D. 

Thus the addition of a reacting substance to an equilibrium mixture 
brings about a decrease in the concentrations of the substances with 
which it reacts, and an increase in the concentrations of the products of 
this leaction. 


(2) Removal of a reacting substance (say C) from an equilibrium 
mixture (without altering the volume). 

As before ; 


[A] [B] ^ ^ 
[0] [D] 
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If C is removed, then [G] becomes smaller, and [D] must increase and 
[A] and [B] decrease. This is effected by the further combination of 
A and B. 

Thus the removal of a reacting substance from an equilibrium 
mixture brings about a decrease of concentration of the substances 
which react to form it, and an increase of concentration of the sub- 
stances with which it reacts. 

(3) Effect of altering the pressure in a gas mixture. 

The effect of altering the pressure depends on whether any change of 
volume results from the chemical reaction. 

In such a reaction as 

Ha + I, ^ 2HI 

1 vol. 1 vo!. 2 vola. 

there is no volume change. From the equation above, 

[H,] [I,] _ 

[HI]a 

Suppose the pressure to bo increased n times. Then each of the con- 
centrations is increased n times and the fraction becomes 

n[Ha].n[Ia] 

n\mY ’ 

which is still equal to K, and the concentrations are still such as to 
satisfy the equilibrium equation. Pressure therefore does not affect 
the equilibrium in this case. 

Sui)pose, however, there is a change in volume in the reaction, as in 
the case of the reaction of nitrogen and hydrogen to form ammonia 

Na + 3Ha ^ 2NH8. 

[Na3 [Ha? ^ ^ 

[NHal* 

Let the pressure be increased n times. Then each of the concentra- 
tions is increased n times and the fraction becomes 

n[N2] 

n2[NH8]» 

which is times its original value, which was equal to K. To restore 
equilibrium nitrogen and hydrogen must combine, forming ammonia, 
and equilibrium will be reached when [NHj] has been sufidciently 
increased and [Na] and [Hj] sufficiently diminished to make the value of 
the above fraction once more equal to K. The law of van’t Hoff and 
Le Chatelier (§ 111) may also be used to predict the effect of pressure on 
equilibrium. An increase of pressure will cause the equilibrium to shift 
in such a way that the volume is diminished and the increase of pressure 
minimised, and a decrease of pressure will act in the opposite direction. 

It will easily be seen that the effect of altering the concentration of a 
solution is exactly analogous to an alteration in pressure. Thus, 
diluting a solution will cause a dissolved substance to dissociate. 

111. Effect of Temperature on Chemical Equilibrium. — ^We have seen 
that equilibrium is attained when the velocities of two opposing reactions 
become equal. Reactions are always accelerated by an increase of 
temperature, but no two reactions are influenced to the same extent. 
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A change of temperature will, therefore, always influence the two 
opposing reactions of an equilibrium to imequal extents, and the con- 
centrations of the substances present at equilibrium will alter until the 
velocities of these reactions again become equal. The final result of the 
change can be predicted if the heat of reaction is known. 

The Law of van’t Hoff and Le Ohatelier states that : If any constraint 
is placed upon a system at equilibrium, the equilibrium will shift in such 
a sense as to oppose the effect of the constraint. 

Thus, if an equilibrium mixture is heated the equilibrium will shift in 
such a way that heat is absorbed. If the mixture is cooled the equilibrium 
will shift in such a way that heat is given out and the extent of the 
cooling consequently diminished. 

A case in point is the equilibrium between nitrogen, oxygen and nitric 
oxide : 

Nj + Oj 2N0 - 43200 cals. 

A rise in temperature will cause the equilibrium to shift in the direction 
which will cause heat to be absorbed, and this effect will be brought 
about by nitrogen and oxygen combining to form nitric oxide. A rise 
of temperature, therefore, favours the formation of nitric oxide. 



CHAPTER VI 


POLAR COMPOUNDS IN SOLUTION 

112. The Decomposition of Substance by the Electric Current. — If a 

source of electricity, such as an accumulator, be connected to two 
thin plates of platinum immersed in a dilute solution of copper 
sulphate a chemical change in the latter at once takes place. On 
the plate connected to the positive pole of the battery bubbles of 
gas appear which, when collected, prove to be oxygen. On the plate 
connected to the negative pole there appears a pink film of the metal 



Fig. 46. — Electrolysis of copper sulphate. 


copper. If the current is maintained for a sufficient time the blue 
colour of the copper sulphate solution disappears and a solution of 
sulphuric acid remains. If we surround the positive plate with a 
porous cell we can prove that it is at this plate that the sulphuric 
acid is produced. The whole chemical change might be represented 
by the equation 

2CUSO4 + 2H2O = 2 Cu + 2HJ5SO4 + Og, 

but it is obvious that this equation leaves unexplained several 
remarkable facts about the process. The chief pecuharities which 
mark off such a change as we have described from ordinary chemical 
reactions are : — 

( 1 ) The necessity for the use of electricity. 

1S7 
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(2) The fact that the products appear in widely separated parts 
of the reaction vessel. 

The decomposition of a substance by the action of the electric 
current is called electrolysis ; the substance decomposed is called an 
electrolyte ; the conductors, maintained at a potential difference, at 
which the products of the decomposition appear, are called the 
electrodes. The electrode connected to the negative source of 
current is the cathode and that connected to the positive source is 
the anode, 

113. Electrolytes. — Substances arc electrolysed only in the liquid 
state. Thus solid salts, gases, etc., do not undergo electrolysis, 
Moreover, only certain well-defined classes of chemical compounds 
can be electrolysed at all. The only substances which undergo 
electrolysis are : — 

(1) Solutions of electrovalent compounds, acids, alkalis and salts. 

(2) Fused electrovalent compounds, melted alkalis and salts. 

It is characteristic of such compounds that their molecules consist 
of two distinct portions, an acid radical and a basic radical (Ch. VIII.) 
and the process of electrolysis appears to separate these portions of 
the molecule and set them free at the electrodes. In general terms, 
if A is an acid radical and B a basic radical, an acid has the formula 
H^, an alkali has the formula B(OH)^, and a salt the formula 
A,„B„. When solutions of any of these are electrolysed the acid 
radical appears to be liberated in the free state at the positive pole 
or anode and the basic radical at the negative pole or cathode. These 
radicals cannot remain free in most cases, but combine with the 
electrode, the water or themselves. The following table gives some 
idea of the products of electrolysis evolved from some common 
acids, bases and salts. 


Electrolyte. 

1 

Formula. 

Substance first 
formed at 

Final products as a result of secondary 
reactions at 

+ 

Anode 

Cathode 

Anode. 

Cathode. 

Copper sulphate . 
Sodium chloride . 

CuSO* 

SO 4 

Cu 

2 SO 4 + 2H,0 * 2H,S04 + 0, 


NaCl 

Cl 

Na 

Cl + Cl « Cl, 

2Na -f 2H,0 
2Na0H + H, 

Hydrochloric acid 

HCl 

Ci 

H 

Cl + Cl - Cl, 

H + H - H, 

Sulphuric acid 

H,S 04 

S 04 

2 H 

2 SO 4 - 1 - 2H,0 - 2H,804 + 0, 

2H - H, 

Barium hydroxide 

Ba(OH), 

20H 

2Ba 


Ba 4* 2H,0 « 
Ba(OH),+H, 








ELECTROLYSIS 


129 


114. Faraday’s Laws ot Electrolysis. — It was known in the 
eighteenth century that electricity could decomj)ose chemical 
substances, and Davy at the beginning of the nineteenth century, 
after the invention of the voltaic pile, made a considerable qualita- 
tive study of its action and thereby isolated many new substances. 
The first systematic and quantitative study was that of Faraday. 
Faraday accounted for the motion of the products of electrolysis 
to the plates connected to the positive and negative poles of the 
battery by supposing that the electrolyte (acid, alkali or salt) 



Fia. 40. — Diagram showing electrolysis of copper sulphate solution. 

The charged iorjs wander to the poles of opposite sign and there 
give up or receive electrons, themselves becoming electrically 
neutral. (0 represents an electron having a single negative 
charge.), 

was separated by the action of the electric current into electrically- 
charged radicals, which he termed ions. Thus Faraday supposed 
that on electrolysis a salt, such as sodium chloride (NaCl), broke 
up into electrically -charged particles or ions (Na+ and C1-). These 
he supposed to travel as a result of their respective charges to 
the oppositely-charged anode and cathode and by their motion 
to conduct the current. When the ions reached the electrode they 
were discharged and appeared as sodium and chlorine respectively. 
This theory of electrolysis is very little different from that held 
to-day, the only divergence being that we do not regard the ions 
as being 'produced by the current, but as existing preformed in the 
solution. 

Faraday studied the phenomena of electrolysis from the quantita- 
tive point of view and discovered two laws of fundamental import- 
ance. These are : — 
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(1) The mass of the substance decomposed is directly propor- 
tional to the quantity of electricity passing through the solution. 

(2) When an electric current is passed through a series of several 
different substances the mass of each substance decomposed is 
proportional to its chemical equivalent. 

Both laws may be expressed in the statement that one gram- 
equivalent of any substance is liberated by the passage of 96,494 
coulombs of electricity. 

These laws are readily explained if we suppose that every ion has a 
total charge equal to a small constant value e (the electronic charge) 
multiplied by its valency. Since the current passes only by the 
discharge of the ions the quantity of electricity passing is propor- 
tional to the number of ions discharged and therefore, also, to the 
mass of substance produced, (Law I.). 

A quantity of electricity equal to a single ionic charge e will 
liberate the quantity of material which has this same electric charge. 
If all ions had the same charge e, one molecule would always be 
liberated by the unit of current. But an ion’s charge is e x valency 
and so the quantity liberated by a current of value e is the weight 
of the ion divided by the valency, t.c., one equivalent. This is, in 
fact, what is stated in Faraday’s second Law of Electrolysis. 

116. The Ionic Theory of Solution. — ^Faraday’s theory of electro- 
lysis has certain defects. In the first place, if it is the electro- 
motive force which separates the molecules of the electrolyte into 
ions, no electrolysis should take place unless the E.M.F. is enough 
to overcome the attraction which holds the parts of the molecule 
together. Actually, if polarisation is excluded, any however 

small, will bring about electrolysis, a fact which suggests that 
the ions are not formed by the current, but merely attracted to the 
poles. On these grounds Clausius, in 1857, concluded that a solution 
of an electrolyte must always contain a certain proportion of free 
ions, Clausius thought of this proportion as a small one, but 
Arrhenius, in 1887, realised that there was a connection between the 
abnormally low molecular weights of electrolytes in solution (§ 116 

(3) ) and the existence of free ions. 

The Ionic Theory, which Arrhenius put forward, supposes that all 
electrolytes in solution are partly dissociated into ions. These ions 
consist of atoms or groups of atoms (the acid or basic radicals of the 
electrolyte) with a charge due to the presence in or absence from the 
atom or group of as many electrons as the ion has valencies. The 
total charge of the ions formed from any substance is algebraically 
equal to zero. A few examples are illustrated on p. 131. 

Ostwald supposed that the decomposition of a molecule into 
ions was a partial and reversible reaction which (like all dissociations) 
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Electrolyte. 

Electropositive ions. 

Electronegative ions. 

HCI 

H+ 

a- 

NaOH 

Na+ 

OH- 

NaCl 

Na+ 

ci- 


H+ H+ 

HS04-, S04- - 

Ba(OH)2 

Ba+ + 

OH-, OH- 

CaClj 

Ca+ + 

ci-. ci- 

Na^HPO* 

Na+, Na+, H+ 

HP04- P04 — 


is most complete at great dilutions. This is believed to be true for 
weak acids and bases which are but slightly dissociated ; thus only 
about 1 per cent, of acetic acid or ammonia in a tenth normal 
solution is in the form of ions. Strong acids, strong bases and 
nearly all salts are believed to be wholly Associated into ions under 
all conditions. 

If we writ(^ the equation for the dissociation of a weak electrolyte AB 
into ions A+ and in the form 


AB ^ A+ -f B- 

according to the Law of Mass Action 

[A+] [B-] 


[AB] 


k. 


The equilibrium constant k is in this case called the dissociation 
constant of the electrolyte. 

The dissociation constant of electrolytes varies very widely. Very 
strong electrolytes do not give a satisfactory constant, and it is clear 
that their dissociation is not as simple as is indicated above. Weak 
electrolytes, however, obey it very well, and the list of dissociation 
constants given below gives an idea of the proportion of these substances 
dissociated. 


Dissocuition Constants of W eak Electrolytes, 

Elr.ctndytc. JDJssoclatlon Constant 

( 25 ® C,) 

Sulphurous acid . . . . . 1-7 x 10“* 

. . 1-86 X 10-» 


Acetic acid 
Carbonic acid 
Boric acid 

Ammonium hydroxide 


3 

6*5 

1*8 


X 10-» 
X 10-11 
X 10-6 


The fact that the ionisation of strong electrolytes does not appear to 
obey the Law of Mass Action while that of weak electrolytes obeys it well 
has given rise to much discussion and research over a period of many 
years. Several theories have been put forward to the effect that strong 
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electrolytes are wholly dissociated in solution. Debye and Hiickel 
have calculated the conductivities of dilute solutions of strong electro- 
lytes on this basis. While the conductivity figures for concentrated 
solutions of strong electrolytes cannot bo interpreted satisfactorily 
according to any theory, the figures for tlu^ lieat oi neutralisations of 
acid an<l alkalis (see § 117 (5) ) and also the additive x>i*opertios of 
strong electrolytes seem to indicate complete dissociation at concentra- 
tions up to half-normal or normal. 

The ionic theory explains a large niiinber of facts, amongst which 
are prominent the remarkable properties manifested by solutions of 
polar compounds, acids, alkahs and salts. 

116. Peculiarities of Acids, Alkalis and Salts. — It is very noticeable 
that the classes of chemical compounds known as acids, alkalis and 
salts have a number of peculiar properties. Acids, alkalis and 
salts differ from other chemical compounds in the following impor- 
tant particulars. We may take the example of copper sulphate as 
characteristic of the class of acids, alkalis and salts, and that of sugar 
as characteristic of the other chemical compounds. 

(1) Acids, Bases and Salts are Electrolytes. — Solutions of acids, 
alkalis and salts conduct electricity and are at the same time decom- 
posed. A solution of copper sulphate conducts electricity and is 
changed at the same time into metallic copper and sulphuric acid. A 
solution of sugar, on the other hand, does not conduct electricity 
better than pure water. 

(2) The Properties of Acids, Bases and Salts are Additive. — Thus 
copper sulphate, in solution, has two sets of properties, the first 
characteristic of a copper salt, the second characteristic of a sulphate, 
and it has hardly any properties characteristic of itself alone. 

Such a compound as methane CH 4 , carbon hydride, has, on the 
contrary, characteristic properties of its own, and its properties are 
not by any means all comprised in those of carbon compounds and 
those of hydrides. 

(3) Low Apparent Molecular Weight of Acids, Alkalis and Salts. — 

All acids and alkalis, except the weakest, and all salts ^ show an 
abnormally high osmotic pressure and an abnormally low molecular 
weight in solution in water. In nearly all other solvents the 
molecular weights are those to be expected from the chemical 
formula, gas-density, etc. Thus hydrochloric acid as a gas appears 
by such methods as those described in §§ 51, 55 to have a molecular 
weight of 36*5, but hydrochloric acid in solution has, according to 
the cryoscopic method (§ 60), a molecular weight of about 19. It 
is found that the molecular weight of an acid, alkali or salt in 
solution shows different values in solutions of different strengths, the 
^ But see §§ 427, 443. 
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lowest being in very dilute solution. This lowest apparent molecular 
M 

weight tends to a value — where M is the true molecular weight and 

n is the number of radicals present in the acid alliiali or salt. 

(4) Rapidity of Reactions between Acids, Alkalis and Salts. — Acids, 
alkalis and salts very readily undergo double decomposition (§ 20) 
and react with each other almost instantaneously. Thus the re- 
action of the salts, sodium chloride and silver nitrate, 

NaCl + AgNOa NaNOa + AgClj 
completes itself in a small fraction of a second while the analogous 
reaction of silver nitrate and ethyl chloride, which is not a salt or an 
electrolyte, 

CaHaCl + AgNOa + AgCJ, 

proceeds quite slowly even on warming. 

(5) Identical Heat of Reaction of all Strong Acids and Strong Bases 
in Dilute Solution. — ^The heat of reaction between dilute solutions 
of any strong acid and strong alkali is the same (13,700 cals.). The 
heats of all other types of reactions vary with the substances which 
react. 

117. Short Summary of Evidence for the Ionic Theory.^ — (1) In the 

first place it provides an explanation of the phenomenon of electrolysis 
in some respects more satisfactory than the older theory of Faraday, 
and in addition clearly explains the behaviour of voltaic cells in 
producing electricity (§ 123). 

(2) Secondly, the ionic theory explains the fact that the conductivity 
of a solution per gram-equivalent of electrolyte present increases as it Is 
diluted. Thus 2 c.c. of N/20 acetic acid conduct better than 1 c.o. 
of N/10 acetic acid. Though both contain the same amount of the 
acid the weaker solution contaiTis a greater number of ions, for the 
degree. of ionisation increases with dilution. 

(3) The fact that the salt in solution consists to a largo extent of ions, 
separate and uncombined, accounts for the additive properties of 
solutions of electrolytes (§ 174). Since, for example, all copper salts 
in dilute solution consist largely of copper ion Ca++ and an acid radical, 
they will all manifest the properties characteristic of copper ion, e.y,, 
blue colour, poisonous character, etc. 

(4) The abnormally low molecular weight of electrolytes in solution 
is explained by their dissociation into ions. The pressure of a gas (§43) 
depends on the temperature and also on the number of particles present 
in a given space. It appeal's that the same is true for the osmotic 
pressure of a solution (§ 56). If the substance is dissociated, more 
])articles are prodiiced and the pressure is higher and consequently the 
molecular weight calculated from it will appear abnormally low. 

(6) The fact that the heat of neutralisation of any strong base by any 
strong acid amounts to 13,700 cals., irrespective of the base and acid 

^ A text-book of physical chemistry should be consulted, for space forbids 
a detailed discussion of the evidence. 
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used, is very readily explained by the ionic theory and is very hard to 
explain in any other way, thus affording a strong piece of evidence. 

Thus the ionic theory leads us to suppose that any strong acid, HA 
in solution consists entirely or almost entirely of ions, in this case H+ 
and A~. In the same way a dilute solution of a base, MOH consists of 
M+ and OH~. When these react, a salt, MA, is formed which, by the 
ionic theory, will consist in dilute solution of M+ and A” ions. The 
reaction which we ordinarily write as 

HA MOH =- MA + HgO 

is then actually 

H+ -f A- -f M+ -f OH- = M+ + A- + HgO 
or, striking out the substances appearing on both sides of the equation, 
H+ + OH- = HaO. 

Thus any reaction between a strong acid and a strong base in dilute 
solution is simply the reaction of hydrion and hydroxyl ion to water and 
has, therefore, the same heat of reaction 13,700 cals. If the acid or base 
is weak it must dissociate befoi‘e it can react, and vaiying amounts of 
heat are produced or absorbed by this dissociation. Thus the heat of 
neutralisation reaction of a weak acid or base is not always the same. 

The evidence which has in the past been adduced against the 
ionic theory is now for the most part considered valueless, and the 
theory is generally accepted. The laws which govern the dissocia- 
tion of strong electrolytes are not fully understood as yet, but the 
general theory as set out above is an integral part of the fabric of 
modern chemistry. 

118. Common Ion Effect. — A number of interesting phenomena are 
caused by the “ coixunoii ion effect.’* 

If a substance ionises in solution in water, 

AC ^ A+ + B-, 

it follows from the law of mass action that 

[A^] [B-] 

[ABJ -- 

The constant k is the dissociation constant. The addition of either A+ 
or B”" in the form of an electrolyte yielding these ions will increase the 
concentration of A+ or B~, and therefore (§ 110) will cause A+ to 
combine with B*" and form more of the imdissociated AB. 

In general, then, when to a solution of an electrolyte there is added a 
sufficient quantity of a common ion to increase the concentration of the 
latter, the proportion of the electrolyte in the undissociated state will 
be increased and the proportion of the other ions diminished. 

Thus, for example, on adding strong sodium acetate solution to acetic 
acid we greatly increase the concentration of acetanion, and thereby 
increase the proportion of acetic acid and diminish that of hydrion. 

If the solution is nearly saturated with the electrolyte, the latter may 
be precipitated as a result of its increase in concentration. Consider a 
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saturated solution. The solution is in equilibritim both with the solid 
and with the ions formed. 

AB ^ AB ^ A+ + B-. 

Solid. Saturated 
solution. 

If either [A+] or [B“] is increased, [AB] is increased also, which, since 
the solution is already saturated, must result in separation of solid 
AB. As long as the solution is saturated [AB] must remain constant, 
and since 

[A-»-] [AB], 

IA+] [B-] = a. 

where is a constant. This constant is known as the solubility product, 
and it will be seen that a condition for saturation of a solution is that the 
product of the concentration of the ions should reach the solubility product. 

Thus, for example, the solubility product of ferrous sulphide is 
1-5 X and as soon as the jiroduct of the concentration of ferrous 

ion and sulphide ion reaches this value solid ferrous sulphide will 
separate. 

The arguments by moans of which we have proved these formulas 
apply only to weak electrolytes which are partially dissociated. It can 
bo shown, however, that the formulae will hold with fair accuracy for 
strong electrolytes also. 

119. Precipitation. — A substance is precipitated when its solution 
becomes siiiiorsaturatod. The attainment of the solubility product by 
the pr-oduct of the concentrations of the ions is, therefore, the condition 
for precipitation. This fact is of groat importance in analysis, where 
differences of solubility product are the basis of all qualitative work. 

Consider, for example, the sulphifles of the metals. The solubility 
products of a few of these are given below. The condition that they 
should bo precipitated is that the product of the concentrations of the 
metal ions and of the sulphide ion shouki reach the solubility product. 
In a saturated solution of hydrogen sulphide there is a molar concentra- 
tion of sulphide ion ^ of about 10~®, and in a solution of HgS to which has 
been added enough hydrochloric acid to make it twice normal, the 
concentration of sulphide ion is about 10"®® (see p. 134). 

From the table below it will at once be clear that all the sulphides in 
the table are at any rate partly precipitated by neutral hydrogen 
sulphide solution, while the sulphides of copper and cadmium, but not 
those of iron and manganese, are precipitated by the hydrogen sulphide 
and hydrocliloric acid mixture. 

Cone, of fS-- Ion needed 
Solubility to ppt. a 1/10 normal 

product. Holutlon.* 

Copper sulphide . . 8*5 x 10"*® 8-5 x 10"** 

Cadmium sulphide , . 3’6 x 10"®® 3*6 x 10"®* 

Ferrous sulphide . . 1*5 x 10~^® 1*5 x 10"^® 

Manganous sulphide . . 1*4 X 10~^® 1*4 X 10"^* 

Similar considerations give us the reason for the precipitation of the 
hydroxides of iron, aluminium and chromium (but not those of 

* These figures are very approximate. The degree of dissociation of 
hydrogen sulphide is not very accurately known and varies with the tempera- 
ture. 

® Assumed completely ionised. 
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manganese, cobalt, nickel, zinc, calcium, etc.)» by ammonia in presence 
of ammonium chloride. 

120. Solution ol Precipitates. — Just as the addition of a common ion 
will cause precipitation of an electrolyte, so the removal of a common 
ion wiH cause it to dissolve. 

Consider a solid in contact with its solution. 


AB ^ AB ^ A+ + B-. 

Solid. Saturated 
solution. 


If, say, A+ is removed, more AB w’ill dissociate and the solution wdll 
become unsaturated, and solid AB will dissolve to restore the 
equilibrium. 

Ions may be removed from a solution by the addition of a common 
ion to a substance furnishing the ion in question. As an example let us 
consider magnesium hydroxide in contact with 1/10 normal ammonia 
solution at 18° C. The dissociation constant of ammonium hydroxide 
is about 1-8 X 10~® at this temperatnn^. The solubility product of 
magnesium hydroxide is 1-2 X 10-^^ at 18° C. 

[OH~]2 — 1*2 X 10“^^ when the solution is saturated 
with magnesium hydroxide. 

1/10 normal ammonia solution has at 18° C. a concentration of 
hydroxyl ion of about 10“®, and so we may see that magnesium 
hydroxide will remain precipitated if 


[Mg++] = 


1-2 X 10-“ 
10 -* 


= about 10~® gm.-mols. per litre. 


A quite dilute solution of a magnesium salt will therefore be precipitated 
by 1/10 normal ammonia. 

We now add to the solution an equal volume of twice-normal 
ammonium chloride solution. This increases the concentration of 
NH4+ from about 1()-® to about 1, i.c., increases it about 1,000 times. 
From the equation 


[NH/] [OH-] 


1-8 X 10“V 


[NH4OH] 

it will follow that the [OH“] will be correspondingly reduced to about 
lO"®. The condition for precipitation will then bo that 


[Mg++] = 


1-2 X lO-ii 
10-12 


= appr. 12. 

It will then follow that a solution of a magnesium salt of less concentra- 
tion than the improbably groat strength of 12 gram-molecules per litre 
will not be precipitated at all by this mixture of ammonium chloride 
and ammonia, and also that magnesium hydroxide will dissolve in it. 

In the same way the sulphide of, say, zinc will dissolve in a mixture 
of hydrogen sulphide and hydrogen chloride. 

Ions may also be removed from solution by combination with sub- 
stances in solution to form complex ions. The addition, therefore, of a 
substance which combines with an ion yielded by a sparingly soluble 
substance will cause that substance to dissolve. 

Consider the example of silver chloride, which is well known to be 
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soluble in ammonia. Silver chloride is very slightly soluble in water. 
Thus solid silver chloride is in equilibrium with the silver ions and 
chloride ions formed by its dissociation. 

AgCl ^ Ag+ + Cl"". 

Solid. 

Silver ion combines with ammonia, forming an argentammonium ion 

Ag(NH3)a+, 

Ag+ + 2NH3^ Ag(NH3)3+, 

and the equilibrium is such that nearly all the silver ion will combine 
with the ammonia, and so be removed from solution. 

It will follow, then, that to restore the concentration of silver ion, 
more silver chloride will dissolve, and the process continues until all 
th(^ silver chloride has dissolved or until the argentammonium ion has 
accumulated in quantity sufficient to bo in etpii librium with enough 
silver ion to reach the sohibility product of silver chloride. 

Ammonia, the cyanide ion anrl the nitrite ion are )>articularly prone 
to form complex ions. Some of these are in equilibrium with an ap})roci- 
able quantity of the metallic ion, as for example, the cadmicyanide ion 
Cd(CN) 4 — , while others such as the cuprocyanide ion Cu 2 (CN) 8 ”“~ and 
the argentammonium ion remove the metallic ion almost completely. 

The formation of cor»iJlex ions is a common phenomenon and many 
apparently anomalous solubility relationships are explained by it. 

121. Hydrolysis. — Water has a decided eft'ect upon the salts of weak 
acids and of weak bases. 

Water is slightly dissociated, 

HgO ^ H+ + OH- 

and it is found that the product of the concentrations of these ions is 
nearly equal to 10 

[H+] [OH-*] = 10-1^ 

A salt AB in solution contains the ions A+ and B“, basic and acid 
ion. The former of tliose will be in equilibrium with any hydroxyl 
ion present, ajid the latter wdth any hydrogen ion, 

A+ + OH“;f^AOH, 

B- + H+ ^ HB. 

If, however, AOH or HB is a weak acid or base, i,e., slightly dissociated, 
the hydrion or hydroxyl ion resulting from the water will bo in equili- 
brium with a mucli larger quantity of the free acid or base. If, however, 
AOH or HB is a strong base or acid it will not be formed, for strong 
a(?ids and bases are completely dissociated. Thus a salt of a strong 
base and weak acid will contain the free acid. The removal of hydrion 
to form the free acid will cause the hydroxyl ion of the water to 
accumulate, and the solution will have an alkaline reaction. 

Thus (1) a solution of a salt of a weak acid and strong hose is alkaline 
and contains the free acid. 
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(2) A solution of a salt of a strong acid and weak base is add, and 
contains the free base, 

(3) A solution of a salt of a weak acid and weak base may be either 
acidy alkaline or neutral, and contains both free acid and free base. 

An example of the first case is sodium cyanide, of the second cose 
aluminium chloride, of the third case aluminium acetate. 

The measurement of the degree of hydrolysis can be performed by 
determining the equilibrium constant by the partition coefficient 
method, the use of conductivity measurements, etc, 

122. Buffer Salts. — A ‘ buffered ’ solution is one of which the 
acidity or alkalinity (i.e., concentration of hydrion or hydroxyl ion) 
remains nearly constant despite the addition of comparatively large 
amounts of acid or alkali. This condition is attained by adding to it 
large quantities of a salt of a weak acid and strong base. Consider a 
solution containing in one litre 5 gram-molecules of sodium acetate. 
The concentration of acetanion will be perhaps 2 gm.-mols. j)er litre. 
The dissociation constant of acetic acid is 1*8 x 10~®, and so 


or 


[H+] [CaHgO,-] 


1-8 X 10-^ 


[H+] X 2 


= 1-8 X 10-6. 


Suppose now that 100 c.c. of strong hydrochloric |tcid are added. 
This adds to the solution 1 gm.-mol. hydrion. Of tlllJ.s hydrion some, 
say X gm.-mols., will combine with the acetanion, forming x gm.-mols. 
of acetic acid and leaving h gm.-mols. of hydrion free. 

We then have two equations ; 


h,{2 -x) 


X 

1 


1-8 X 10-6. 


h ^ X, 


Solving these we obtain h = *00018 gm.-mols. p.l. 

Thus the addition of 100 c.c. of strong hydrochloric acid makes the 
solution only just acid. 

Suppose the 100 c.c. of hydrochloric acid had been added to a little 
plain water. Since concentrated hydrochloric acid is just over ten times 
nozmal and is completely dissociated when diluted, we should have 
obtained a roughly normal solution of hydrion (1 gm.-inol. per litre). 
The presence of sodium acetate thus reduces the concentration of the 
hydrion about sixty thousand times. Sodium phosphate is also much 
employed for this purpose. 

BtifPered solutions find a use in physiological work and also in analysis, 
in cases where a solution has to be kept at a constant and low hydrogen 
ion concentration. 


128. The Voltaic Battery.— It has long been known that when two 
plates, made of dissimilar metals, are immersed in a solution of an 
electrolyte an electric current flows along the wire connecting them. 
The ordinary voltaic cell consists of plates of copper and zinc 
immersed in dilute sulphuric acid. Using the ordinary electrical 
terminology we may say that a current flows from the copper to 
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the zinc, along a wire connecting tlio plates, though in fact the nega- 
tively-charged electrons flow from the zinc to the copper. While 
the current is flowing the zinc dissolves in the acid, forming zinc 
sulphate (i.c., zinc ion, Zn'^+). Hydrogen appears on the copper 
plate, which is not attacked by the acid. The deposition of this 
film of hydrogen soon ‘ polarises * the cell, stopping the action by 
changing the character of the surface of the copper. The explanation 
of the action of the cell is that the zinc goes into solution as zinc 
ion. Zinc ion, Zn++, has two negative electrons less than metallic 
zinc, and when it is formed these electrons lost by the zinc are 
conducted through the zinc and the wire to the copper. At the 
copper surface they combine with the hydrion of the acid, forming 
hydrogen gas. 

The explanation accounts for the formation of the current ; the 
value of the E.M.F. produced by the battery depends on other 
factors, in chief, the nature of tlie metals 
concerned. 

124. Other Batteries. — The voltaic cell 
is not practically useful, for polarisation 
in a few seconds diminishes the current 
to a negligible quantity. Most practical 
forms of cell are designed to avoid this 
trouble. The commonest method of 
avoiding it is to use a positive pole of 
carbon, which is not easily oxidised, and 
to surround this with an oxidising agent, 
which removes the hydrogen as soon as 
formed. Thus the bichromate cell employs 
an electrolyte of potassium bichromate 
and sulphuric acid. Many cells, among 
which is notable the Daniell cell, employ two liquids. This cell 
has a negative plate of zinc in dilute sulphuric acid sepa- 
rated by a porous pot from a saturated solution of copper sul- 
phate. The positive plate is a sheet of copper. The zinc 
dissolves, forming electrons (as in the voltaic cell) which flow 
to the copper. But here, instead of combining with hydrion to 
form the polarising hydrogen, they unite with the copper ion of 
the copper sulphate, 

Cu++ + 2 e = Cu. 



Fro. 47. — Illustrating the 
principle of the voltaic 
battery. 


forming copper, which deposits on the plate without altering its 
electrical properties. 

The most important cell from the commercial point of view is 
the Leclanch6 type, which includes the dry batteries, the manu- 
facture of which is now a very considerable industry. A common 
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type is illustrated in Pig. 48. A zinc case, E, acts as negative polo. 
Within this is a layer of absorbent cardboard, D, saturated with 
ammonium chloride solution, and within this is a bag, C, contain- 
ing a moist mixture, A, of carbon, manganese dioxide, ammonium 
chloride and zinc chloride. Within this is set the carbon positive 
pole. 

The zinc forms zinc ion and liberates electrons as in the voltaic 
cell. 

Zn = Zn'^'^ -j- 2 

These travel to the carbon and meet the positive ammonium ion 
2 © + 2NH4+ = 2NH3 + 2H. 


thus forming ammonia and hydrogen. The former remains dis- 



Fio. 48. — Dry cell, 
Leclanch6 pattern. 


solved but the latter reacts with the manganese 
dioxide and is oxidised to water, 

2II + 2Mn02 = HgO + MngOg. 

The cell polarises temporarily if too great an 
output is demanded, but will yield small cur- 
rents for an indefinite period. 

125. Electromotive Force and Chemical 
Affinity. — By the chemical affinity between two 
substances is meant the tendency of these 
substances to react. If we say that chlorine 
has greater affinity for zinc than for copper, we 
mean that chlorine tends to combine more 
readily and more vigorously with the former 
than \^ith the latter. 

How are we to measure or estimate the 


degree of this chemical affinity ? The tendency of any process to take 


place is measured by the energy change which occurs at the same 
time. Thus the difference of energy between a mass of zinc and 
chlorine and the same mass of these elements combined as zinc 


chloride gives a measure of the affinity of chlorine for zinc. This dif- 
ference of energy was at one time taken to be equal to the heat given 
out in the process, but it is now recognised that the internal energy of 
the compound formed may account for a part of the energy differ- 
ence. None the less, the heat of reaction between two chemical sub- 


stances which react with liberation of a good deal of energy does, in 
fact, afford a rough measure of their chemical affinity . Thus we find 
that one gram-molecule of zinc (65 gms.) combines with one gram- 
molecule of chlorine (71 gms.); liberating about 97,300 cals., while the 
combination of one gram-molecule of copper (63’6 gms.) with one 
gram-molecule of chlorine liberates only about 61,500 cals. 
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These facts would lead us to suppose that chlorine has a greater 
affinity for zinc than for copper. 

We have, moreover, two other methods of estimating chemical 
affinity. 

If chlorine combines less firmly with copper than with zinc, it 
should be found that zinc will displace copper from its compound 
with chlorine and liberate energy in so doing, provided, of course, 
that other factors besides the affinity of the elements do not hinder 
the reaction. If we immerse a piece of zinc in a solution of copper 
chloride we find that a reaction takes place, that heat is liberated 
and zinc dissolves, forming zinc chloride, while copper is deposited. 

The course of this chemical reaction then confirms our view that 
heat of combustion is a measure of chemical affinity. 

When a compound is formed in a voltaic cell (§ 123) electrical energy 
is produced. The quantity of electricity produced depends on the 
niunbor of atoms of the element converted into its compound, but the 
potential of the electricity depends on the work done in building up the 
compound formed in the cell. For suppose C faradays of electricity 
to bo produced when w gms. of a compound are formed in a cell, then 
by Faraday’s laws 

w 

0 ^ 

electro -chemical equivalent 

If the difference of potential is E then the work done by the current 
will be EC. Now the chemical affinity represents the work given out 
in building up 1 gm. of the compound from its elements, say W, then 
wW units of work will be given out in building up w gms. Since the 
formation of the compounds is the source of the electrical work 

wW =-Ec 
but w = eC 

We = E. 

W ~ affinity per gram of compound formed. 

We = affinity per gram equivalent of component. 

/. E, the difference of potential produced, is the measure of the 
chemical affinity of the reaction in question. 

It follows then that we can use the E.M.F. produced when an element 
forms a compound as a measure of chemical affinity. 

126. Electrochemical Series of the Elements. — If we arrange a 
number of simple voltaic cells by placing a plate of a metal and 
a plate of another metal (say copper) in a solution of, say, 1/lON 
sulphuric acid we shall find that the electromotive force given by 
this arrangement varies according to the metal used. Thus, zinc 
and copper give a voltage of about +1*1 volts, while iron and copper 
give about + 0-67 volt, and mercury and copper give a voltage of 
— 0*4 (i.e,, an E.M.F. of 0*4 volt acting in the opposite direction). 
By measurements of this kind we can construct a table of the 
elements in which any element (a) which is higher than another 
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(6) in the table will give a greater E.M.F.^ than the lower when both 
are used in separate but similar voltaic cells together with the same 
metal (c) for the other plate. 

The series built up in this way should represent the relative 
chemical affinities of the elements comprised in it. If we construct 
a table so arranged that any element in it will displace any element 
below it from combination, we obtain a table practically identical 
with the electromotive-force series we have just described. Diffi- 
culties in constructing these displacement tables arc brought about 
by the influence of other factors than the affinity of the elements 
concerned, but the table as printed represents very closely both the 
chemical affinity and the electrical behaviour of the elements. The 
difficulty of constructing such a table on the basis of displacement 
is occasioned chiefly by the fact that the concentration of the dis- 
placed ion varies while displacement is going on, falling to zero when 
displacement is complete. The potential differences on which the 
electrical series is based are calculated on the basis of a normal 
solution of the ion. 


Electropositive. 

Copper. 

Caesium. 

Mercury. 

Rubidium. 

Silver. 

Potassium. 

Palladium. 

Sodium. 

Platinum. 

Lithium. 

Gold. 

Barium. 

Iridium. 

Strontium. 

Rhodium. 

Calcium. 

Osmium. 

Magnesium. 


Aluminium. 


Chromium. 

Silicon. 

Manganese. 

Carbon. 

Zinc. 

Boron. 

Cadmium. 

Nitrogen. 

Iron. 

Selenium. 

Cobalt. 

Phosphorus. 

Nickel, 

Sulphur. 

Tin. 

Iodine. 

Lead. 

Bromine. 

Hydrogen, 

Chlorine. 

Antimony, 

Oxygen. 

Bismuth. 

Fluorine. 

Arsenic. 

Electronegative. 


^ Beckoned as acting in the external oiTomtfrom the element a or 6 to the 
element c. 
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The further apart are any two elements in the table : 

(1) The greater the E.M.F. produced when they form the plates 
of a voltaic cell. 

(2) The more readily the upper element will displace the lower 
from its compounds. (Where elements are very close such dis- 
placement may not occur.) 

(3) The greater the heat of combination between such elements 
(if they combine). 

The chemical behaviour of the metals is represented very clearly 
by their position in the table. A table of the commoner metals 
printed below, showing the connection between their chemical 
properties and their position affords one of the best ways of remem- 
bering their properties. It will be seen that the grouping of the 
metals according to their chemical behaviour agrees very closely 
with their grouping according to chemical affinity. It should be 
remembered that some of the horizontal dividing lines should not 
be interpreted too literally, e.gr., the ‘ insoluble ' hydroxides are not 
to be taken as wholly insoluble. The table gives a good basis of 
fact but cannot be taken as holding good under all conditions. 
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Action of 
heat on 
nitrates. 

Nitrates 
decompose 
to nitrite 
when heated. 

Nitrates 

decompose 

to oxide. 

Nitrates 
decompose 
to metal. 

Solubility of 
certain salts. 

Phosphate 
silicate 
carbonates, 
etc. soluble 
in water. 

Carbonates 

insoluble 

in water. 

Character of 
hydroxides. 

Hydroxides 
appreciably 
soluble 
in water 
“ alkalis." 

Hydroxides 

insoluble. 

Hydroxides 

not formed. 

Action of 
water on 
oxides. 

Oxides 
react with 
water to 
form 

hydroxide. 

Oxides 

do not 

react with 

water. 

Action of 
heat on 
oxides. 

Oxides 

stable 

when 

heated. 

Oxides 
decomposed 
when heated. 

Reduction 
of oxides. 

Oxides not 

reduced by 

hydrogen. 

Oxides 

reduced 

by 

hydrogen. 

Action on 
acids. 

Attacked by 

dilute acids. 

Attacked 
only by oxi- 
dising acids. 

Not attacked 
by acids. 

Action on 
water. 

Decompose 

cold water. 

Decompose 
steam at a 
red heat 
or a little 
above. 

Decompose 
steam at a 
white heat. 

Do not 
decompose 
water or 
steam at all. 

Combus- 

tion. 

Bum in air 

or oxygen 

readily. 

Oxidise 
when 
heated 
in air. 

Unaffected 
by oxygen. 


Potassium .... 

Sodium ..... 

Barium 

Strontium .... 

Calcium . ... 

Magnesium . ... 

Aluminium ‘ . . . . 

Chromium^ .... 

Manganese .... 

Zinc 

Cadmium • . 

Iron ..... 

Cobalt 

Nickel 

Tin ..... 

Lead 

Antimony .... 

Copper ..... 

Mercury 

Silver 

Platinum • • . . 

Gold . . . 


^ These elements do not conform to the whole table as given unless the resistant film of oxide which normally coats their 
surface is removed. 
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VALENCY, T>v'rtinTkT£L.TAmJS^. AND THE 

.9TT?TTnT1TTiF. av ATOM^ 

127, The Atom in the Nineteenth Century. — The Atomic Theory 
put forward by Dalton in 1808 was so valuable in explaining the 
chemical behaviour of substances, and the Kinetic Theory was found 
so valuable an assumption in physics, that the atomic nature of 
matter was not seriously doubted during the nineteenth century. 
None the less, practically nothing was known about the size, etc., 
of the atom until the last decade of that century ; and until 1897 
there was no evidence that the atom had any structure at all and 
was in any respect other than a “ hard massy particle.’^ 

The one property which clearly belonged to the actual atom itself 
and not to an assemblage of atoms was its combining power or 
valency. The regularities observed in the valencies of the various 
elements have given rise to e/idless theories and discussions. There 
was, for a long time, so little evidence as to the real nature of 
valency that many chemists took up an almost mystical attitude 
about the subject, as if it belonged to the region of the unknowable. 
Two great discoveries stand as landmarks in our survey of the 
nature of valency and chemical combination — the Periodic Table 
and the Electronic Theory of Valency. 

128. Valency. — The valency of an element is a number expressing 
the combining power of its atom. If we examine the formulae of a 
number of compounds we note at once certain regularities. The 
table below shows the formulae of the hydrides, fluorides, oxides 



Formula of Compound with 

Element. 






Hydro- 

gen. 

Fluorine. 

Oxygen. 

Sulphur. 

Sodium 

NaH 

NaF 

NaaO 

NagS, NagSg 

Magnesium 

— 

MgF, 

MgO 

MgS 

Aluminium 

— 

AIF, 

j AI2O3 

A 1 2S3 

Silicon 

SiH4 

SiF^ 

SiO, 

— 

Phosphorus 

PH 3 

PF3, PFs 

F .Oj, F .O.f P 2O5 

P jS* 

Sulphur . 

SHa 

S3F3, SFe 

SOg, SOj, SjO,. SgO, 

— 

Chlorine . 

HCl 

GIF 

CljO, CIO*. ci*o. 

S*C1*, SCI. 

Iron. 

— 

FeF3,FeF3 

FeO, FejO*. Fe*©* 

FeS,Fe*S*,FcS* 


T,C, 146 x* 
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and Biilphidcs of the elements sodium, magnesium, aluminium, 
silicon, phosphorus, sulphur, chlorine and iron. 

It will be noticed at once that where an atom of sodium combines 
with n atoms of another element an atom of magnesium combines with 
2n and an atom of aluminium and an atom of silicon 4?i atoms. 

We may express these facts by saying that each atom has a com- 
bining power or valency. It appears from all the hundreds of 
thousands of chemical formulae hitherto studied that a single atom 
of hydrogen never combines with more than one atom of any other 
element, i.e., we have compounds such as XH and XH,^, but never 
X„H.^ We therefore take the combining power of hydrogen as 
unity. By examination of formulae the valencies or combining 
powers of all the elements arc easily ascertained. Since hydrogen 
and fluorine have each the valency of one and since every element 
which forms any compound combines with one or other of these we 
may define the valency of an element as the number of hydrogen or 
fluorine atoms with which a single atom of the element combines. 

By the application of this definition we readily ascertain at any 
rate some of the possible valencies of the element in question, 
though not necessarily all. 

It will be seen from the table on p^ 145 that the valency of an 
element is not constant in all cases. Certain elements, e.gr., sodium 
(1), magnesium (2) and aluminium (3), have only one valency, while 
others, such as phosphorus, have two or more possible values. It is 
found that no element has a greater valency than eight and that 
the majority of elements have either one fixed valency or one valency 
which is more readily assumed than any other. 

Valency has been for a long time regarded as behaving more like 
a material bond of attachment, such as a hook or string, than the 
influence of an immaterial force such as, say, the electrostatic attrac- 
tion of an atom of an electronegative element for an atom of an 
electropositive element — a theory at one time widely held but 
dropped on account of the difficulties presented by organic com- 
pounds, in which electronegative atoms, such as those of chlorine, 
can replace electropositive atoms, such as those of hydrogen, with 
very little resultant change in the properties of the compound. 

Chemists have for a long time pictured the valency of an atom as 
exerted through valency-bonds, which they represented pictorially 
by a line, and regarded as capable of linking any two atoms irre- 
spective of their electrical character. 

Thus an atom of univalent hydrogen is represented as H— , an 

^ Hydrazoic acid, HN^, is an appeirent exception ; we shall see, however 
(§ 704), that the hydrogen atom is only directly combined with one of the 
nitrogen atoms. 
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sulphate Ci^SO^], or [Cu]++[S04]-'-’, 

implying that the electropositive cop})er atom is attached to the 
electronegative sulphate radical [SO4] by an ionisable polar linkage 
and that when the salt is dissolved in water the solution will contain 
the free ions Cu++ and SO4 — . 

The sulphur and oxygen atoms in the SO4 group are linked in a 
different manner. Thus sulphur and oxygen are both strongly 
electronegative and the SO4 group does not break up on solution 
in water into sulphur and oxygen ions. 

The valency shown by an atom or group in its polar linkages is 
never higher than 4 . Thus chlorine in metallic chlorides is always 
univalent, sulphur in metallic svlphides is divalent, although in 
non-polar compounds their valencies reach 7 and 6 respectively. 

(2) Non-polar Linkages. — These are subdivided into covalent and 
co-ordinate linkages. 

(a) Non-polar or covalent Linkages. — These are to be found in all 
types of compound except simple binary electrolytes, such 
as sodium chloride NaCl, potassium sulphide KgS, etc. The 
great majority of organic comj>ounds, and all inorganic 
compounds which are not electrolytes {e.g., carbon mon- 
oxide, nitrous oxide, ammonia) are bound by these linkages 
only, while such compounds as sodium sulphate Na2S04, 
ammonium chloride NH4CI, etc., contain both types. 

These non-polar linkages do not necessarily connect atoms 
of opposite electrical polarity and they do not undergo 
ionisation. Higher valencies may be exhibited in covalent 
linkages than in polar or ionisable linkages. Covalent 
linkages are represented by a line as 
H 

I 

H— C— H. 

I 

H 

{h) Co-ordinate Linkages, — It is well known that apparently 
saturated compounds often unite to form well-marked 
comx)ounds ; some comparatively unstable, such as 

CUSO4 . 5H2O, CaCljj . 6NH3, etc., 

others quite stable, such as the metallic ammines, pp. 780 ff. 

The linkage in these compounds is distinguished by its 
power of uniting apparently saturated compounds, by the 
comparatively loose character of some of the compounds 
and by the fact that the number of such linkages often 
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appears to have no connection with the valency of the 
elements concerned as indicated by the periodic table. Such 
linkages are denoted symbolically by an arrow the exact 
significance of which will appear at a later stage (§ 155). 

These three types of valency could receive little in the way of 
explanation until an adequate theory of the structure of the atom 
had been put forward, and after a short exposition of this theory it 
will be possible to give an adequate, though not complete, explana- 
tion of the nature* of valency and chemical combination. 

The Periodic Table 

131. The Evolution of the Periodic Table. — The chemical elements 
were at first thought to be separate and unrelated primary sub- 
stances. A few likenesses were noted, such as those of sodium and 
potassium ; calcium, strontium and barium, etc. ; and Dobereiner, 
in 1829, noted that the atomic w^eights of such related elements 


varied in a regular manner as 




Difference. 

Calcium 

. 40 ] 

47 

Strontium 

. 87 

Barium 

. 137 j 

50 


Newlands, in 1864, went further and attempted to classify the 
elements in ‘ octaves,’ according to their order of atomic weight, as 
was later done in the periodic table. Newlands show^ed that in such 
a list every eighth element resembled the element eight places before 
it ; but since atomic weights of adequate accuracy were not available 
his evidence was not sufficiently compelling and he met with some 
ridicule, a member of a learned society inquiring whether he had 
thought of classifying the elements according to their initial letters. 

Mendel6efi, in 1869, discovered that if the elements were placed 
in a list in order of their atomic weights, there w’as a recurrence of 
similar properties at regular intervals, and that consequently a 
table could be constructed in which the elements were arranged 
horizontally in order of atomic weight and vertically according to 
their likeness in chemical properties. 

Mcndel6eff’s original table is not quite so clear in its arrangement 
as some more modem forms, and the form of table given on pp. 154- 
155 shows Mendel^eff’s original scheme as modified to conform with 
modern knowledge. Many other arrangements have been made 
on similar principles, but the table given has the advantage of 
representing the relationships adequately without departing too far 
from the traditional form. 

132. General Structure of the Periodic Table. — Beginning with 
hydrogen, the element of lowest atomic weight, we place the 
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elements in order of their atomic weights as we pass successively 
from left to right, commencing a new ‘ period * of elements at 
intervals of 2, 8, 8, 18, 18, and 32 elements respectively. When 
this is done we find that the elements are arranged vertically in 
‘ families ’ or ‘ groups ’ which contain the elements of like chemical 
properties. The groups numbered VIII. and 0 are peculiar in 
that they are alternatives. An element of Group VII. A is always 
followed by three elements closely resembling both it and each 
other and the succeeding element of Group I. B. Thus manganese 
(VII. A) is followed by iron, cobalt and nickel (VIII.), providing 
a steady transition to copper (I. B). An element of Group VII. B, 
which contains the strongly electronegative halogens, is followed, 
on the contrary, by an element of no chemical properties (a rare 
gas), which is again followed by an intensely electropositive element 
of Group I. A (the alkali metals). 

An exception to the general plan is made in the case of the ‘ rare- 
earth ’ elements. Nos. 57-71^ which are all placed in the same group 
of the periodic table. This procedure is indicated by their extreme 
likeness to one another and also by their peculiar type of atomic 
structure (§ 506). 

A few elements have had to be displaced from their natural order 
to make the table correspond adequately with the chemical pro- 
perties of these elements. Thus argon 39*9 precedes potassium 
39*1 instead of following it, while iodine 126-92 follows tellurium 
127*5. This procedure has been fully justified by the discovery 
of isotopes (§ 148). 

133. The Short and Long Periods . — Period 1. — The first period 
consists of two elements, hydrogen and helium. Hydrogen being 
univalent and electropositive is usually placed with the alkali - 
metals. . It has, however, certain resemblances to the halogens and 
has sometimes been placed with them. It is probably best not to 
assign hydrogen to any family, for its atomic structure is funda- 
mentally different from that of any other element. Our present 
knowledge of atomic structure indicates that there can be no 
elements between hydrogen and helium. 

Periods 2 and 3. — ^The second and third periods both consist of 
eight elements, which we place in groups which we number I.-VIII. 
The elements which fall into these groups have the same valency and 
a close chemical resemblance. At this point we may mention the 
remarkable connection between the valency of an element and its 
position in the periodic table. The valency of an element is in 
general the same as the number of its group, and also in the case of 
Groups V., VI., VII. is also equal to the difference between this 
number and eight. 
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Group I. 

II. 

III. IV. 

V. 

VI. VII. VIII. 

0. 

Valency in hydrides 




V 


and polar com- 




A 

B 


pounds . . 1 

2 

3 4 

3 

2 1 I 

0 

Valency in oxides 




A 


and non -polar 




B 

L 


compounds . 1 

2 

3 4 

5 

6 7 E 

0 


Thus potassium Ims valency 1 ; magnesium, valency 2 ; alumi- 
nium, vakuicy 3 ; carbon, valency 4 ; phosphorus, valency 3 in some 
compounds, 5 in others ; sulphur, vaJency 2 in hydrogen sulphide 
and metallic sulphides, but 6 in sulphur hexafluoride, sulphates, 
etc. ; chlorine, 1 in hydrogen chloride, and metallic chlorides, but 
7 in the perchlorates. The above figures are characteristic of the 
groups, but additional values may be found, particularly among the 
‘ transition ’ elements, i.e., those of sub-groups IV. A, V. A, VT. A, 
VII. A, VIII., I, B. (§ 134). 

Periods 4 and 5. — Starting at potassium, 18 elements, instead of 
8, are met with before the next alkali metal, rubidium, is reached. 
Of these, the ten elements scandium, titanium, vanadium, 
chromium, manganese, iron, cobalt, nickel, copper, zinc, arc of a 
new type not met with before, and may be regarded as related’ to 
the elements of the same group in the earlier periods, but some- 
what div^erging from them in properties. These elements are 
placed in separate sub-groups ; three of them, iron, cobalt, nickel, 
being placed in a group by themselves as having too great a likeness 
to justify clas.sification in separate families. Thus, the transition 
elements of the long periods are interposed into the eight normal 
elements resembling those of the earlier periods. Thus, if we 
disregard the transition elements for the moment we have the 
sequence K . Ca . Ga . Ge . As . Se . Br . Kr, 

which is closely analogous to the third short period, 

Na . Mg . A1 . Si . P . S . Cl . A. 

Starting again from rubidium, an identical sequence is met with. 

The relationship between the groups, periods, transition elements 
and rare earths is well brought out in a form of a table due to Julius 
Thomsen, and used by Bohr, whose work has elucidated the meaning 
of the Periodic Table in such a remarkable manner. 

Period 6. — ^The sixth period starts like the last with two normal 
elements and one transition element, Cs, Ba, La resembling K, Ca, 
Sc respectively ; but then follows a remarkable series of fourteen 
elements quite distinct from one another, but of remarkably similar 
chemical properties. These can only be fitted into the table if they 
are all placed in the same group in the same manner as are iron, 
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cobalt and nickel, the platinum metals, etc. They are tabulated 
vertically on pp. 154-155 for convenience in printing. ' The period 
then follows on in just the same way as the long periods 4 and 5. 

^p-Hod 1 . — This period starts like a long period, such as 5, but soon 
comes to an end, for uranium, occupying the sixth space, is the 


6 



element of highest known atomic weight. Uranium is decomposing 
radioactively (§ 141), one half of any quantity disappearing in 
8,000,000,000 years. This period of time is so great that it seems un- 
necessary to assume that uranium has been formed radioactively from 
a heavier element, and there is now no evidence of the existence of a 
naturally occurring element of greater atomic weight (but v, § 1271), 
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Perjodio Table 

Atomic Numbers thus, 7. 



I. 

II. 

in. 

IV. 

V, 

Group 

A. B. 

A, B. 

A. B. 

A. B. 

A. B. 

Period 1 

Hydropen, 11. 

1. H)0S 





» 2 

Litldiiin, Li. 

8. 6‘H 

Beryl- 
lium Be. 

4. 90, 

Boron. B. 
5. JOS. 

Carbon, C. 
6. 12-00 

Nitrogen, N. 
7. 14-01. 

3 

Sodium, 

Na. 

11. 23 00. 

Magnesium, 

Mg. 

12. 2i'32, 

Aluminium, 

Ai. 

13. 26:97. 

Silicon, Si. 
14. 28 06 

Phosphonin, 

P. 

15. 31-02. 

.. 4 

Potassium. 

K. 

Ifl. 39'10. 

Copper, Cii. 
29, 63‘57. 

Caloium, 

Ca. 

20. 4008. 

Zinc, Zn. 
80. 66-38 

Scandium, 

Sc. 

21. 4.j-I. 

Gallium, Ga. 
81. 69-72. 

Titanium, 

Ti. 

22. 47-9. 

Germanium, 

Ge. 

32. 72-6. 

Vanadium, 

V. 

23. 50-95. 

Arsenic, As. 
33. 74'93. 

» 5 

Rubidium 

Rb. 

87. 8S'4i. 

Silver, Apt. 
47. 107 88. 

Strontium, 

Sr. 

88. 87-63. 

Cadmium, 

Cd. 

48. 112-41. 

Yttrium, Vt. 

89. 88-92. 

Indium, In. 
49. 114-8. 

Zirconium, 

Zr. 

40. 91-2. 

Tin, Sn. 
50. 118-7. 

Niobium, 

Nb. 

41. 93-3. 

Antimony, 

Sb. 

61. 121-76. 

» 6 

CcBsitiin, ('s. 

66. m-oi 

Gold, Au. 
79. 197>2. 

Barium, Ba. 

60. 137-3ii. 

Mercury, Hg. . 
80. 200-61. 

Lanthanum, 

La. 

67. 138-9. 

Cerium, Ce. 

68. 140-13. 
Praseodymium, 

Pr. 

69. 140-92. 
Neodymium, 

Nd. 

60. 144-27. 
Illinium, 11. (?) 

61. 

Samarium, Sm. 

62. 150-43. 
Europium, Eu. 

63. 152-0. 
Gadolinium, 

Gd. 

64. 157-3. 
Terbium, Tb. 

65. 159-2. 
Dysprosium, 

Ds. 

66. 162-46. 
Holmium, Ho. 

67. 163-5. 

Erbium, Er. 

68. 167-2. 
Thulium, Tm. 

69. 169-4. 
Ytterbium, Yb. 

70. 173-04. 
Lutecium, Lu. 

71. m-0. 
Thallium, Tl. 

81. 204-39. 

1 

Hafnium, Hf. 

72, 178-6. 
Lead, Pb. 
82. 207-22. 

Tantalum, Ta. 

78. m-88. 
Bismuth, Bi. 
88, 209-0, 

« 7 

87.— 

Radium, Ra. 

88. 226-97. 

Actinium, Ac. 

89 

Thorium, Th, 

90. 232-12. 

Protoactl- 
nlum, Pa. 

91. 
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OF THE Elements. 

Atomic Weights thus, 6 - 94 . 


VI. 

A. B, 

VII. 

A. B. 

vm. 

0. 


r Hydrogen, H.'l 

LI. 1 008 J 


Helium, He. 

2. 400. 

Oxygen, 0. 
8. 1600. 

Fluorine, F. 
9. 19'0 


Neon, Ne. 

10. 20-2. 

Sulphur. S. 
10. 3ii 06. 

Chlorine, Cl. 
17. 35-40. 


Argon, A. 

18. 39-94 

Chromium. 

Cr. 

24. 620. 

Selenium, Se. 
34. 7092. 

Manganese, 

Mn. 

25. 54-!)3. 

Bromine, Hr. 
35. 79-92. 

Iron, Fe. Cobalt, Co. Nickel, Ni. 

20. 56-84. 27. 68-94. 28. 68-69. 

Krypton, Kr. 
30. 82-9. 

Molybdenum, 

Mo. 

42. 9S'95. 

Tellurium, Tc. 
52. 127-6. 

Masurium, 

Ma. 

43. 

Iodine, T. 

63. 126-92. 

Kutlieniuni, Rhodium, Palladium, 

Ru. Rn. Pd. 

44. m-7. 45. 102-9. 46. 106-7. 

Xenon, Xe. 

64. 131-3. 

Tungsten, W. 

74. m-0. 

Polonium, Po. 
84. 

Rhenium, Re. 

75. m-31. 

Osmium, Os. Iridium, Ir. Platinum, Pt. 
76. m-2. 77. 193-1. 78. 195-23. 

Emanation, Em 
80. 222-0. 

Uranium, U. 

02. 238-14. 
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134. The Groups and Sub-Groups of Elements. — The vertical 
columns into which the elements fall accerJing to the periodic table 
are called grmips. Each group (except VIII.) consists of two typical 
elements of the first three short periods, and thereafter two sets of 
elements each bearing some resemblance to those of the first three 
periods. As a rule one set of these resembles the earlier elements 
more closely than the other. The elements occurring in the first 
part of a long period are called the A sub-group, those in the second 
part the B sub-group. 

As examples we may take Group I. and Group V. 


GROUP I. GROUP V. 

A. B. A. B. 


Main 

Group. 


'’Lithium. 

1 Elements ol 

f 

Nitrogen ' 

Phosphorus 

Arsenic. 

Sodium. 

Potassium. 

Copper 

^ short ■« 

periods. 

f Vanadium. 

Rubidium. 

' Transition 

1 Niobium. 


Silver 

CtDslura. 

Gold 

h elements. 

1 

1 Tantalum. 

Antimony. 

Bismuth 

, 


[protoactinium. 

y 


Main 

Group. 


In Group I. the elements of the short periods and the A elements of 
the long periods form the very definite and well-marked group (of 
alkali metals), the common properties of which are fully discussed 
in § 216. 

The B elements form another group not in the least like the A 
elements, but having certain resemblances among themselves. In 
Group V. the same phenomenon is found, but the elements of the 
short periods in this case fall into the B sub-group. It will be seen 
on reference to pp. 154-155 and Fig. 49 that the ‘ transition elements ’ 
constitute the B sub-group in Groups I., II., but the A sub-group 
in Groups III., IV., V., VI., VII. The elements of the short periods 
resemble the sub-group which does not contain the transition 
elements. 

The actual degree of likeness between the elements of a group 
varies considerably. It is always quite unmistakable as between 
members of a sub-group A or B individually, but it is often the case 
that the A and B sub-groups have only a few minor points of 
resemblance. 

It is to be noticed that at the right-hand and left-hand extremes 
of the table the likeness between the A and B sub-groups is much 
less marked than in the middle (e.g., compare Groups I. and IV.). 

It is always the case that the lightest member of the group is less 
like the second member thaii the second is like the third. Thus, 
oxygen (Group VI. B) is less like sulphur than sulphur is like 
selenium ; and fluorine is less like chlorine than chlorine is like 
bromine. 
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THE PROPERTIES OF THE ATOM 

136. The Size and Number of Atoms. — A large number of different 
methods have been applied to the measurement of the atom. An 
approximation was first obtained by various measurements of the 
thickness of films, the limiting value for which is evidently the 
diameter of a molecule. From soap films, films of oil on water, 
films of metal on electrodes, etc., it was deduced that the diameter 
of the various molecules measured was c. 10“^ or lO”® cm. 

The most accurate method of determining the size of the molecule 
is to find the number of molecules in a given volume and from this 
value and the mean free path given by viscosity measurements to 
calculate the molecular diameter. 

The results obtained indicate a value of 2 X 10“”® to 6 X 10"® cm. 
for the diameter of the smaller molecules. It is difficult to form 
any mental picture of these magnitudes. An idea may be gained 
of its size by saying that one could put as many oxygen molecules 
on a full-stop as one could put full-stops on Kensington Gardens 
(c. 275 acres). 

137. The Number of Molecules in a Given Volume of Gas. — 

According to Avogadro’s law equal volumes of gases contain equal 
numbers of molecules under the same conditions of temperature and 
pressure. It is of importance for many reasons to know the number 
of molecules in a gram-molecule of gas at N.T.P. (224 litres). 

The most accurate determinations of these quantities are afforded by 
a study of (a) the “ Brownian movement,” and (6) the charge on one 
electron. 

Brownian Movement , — ^When any suspension of very fine particles 
in a liquid (or gas) is examined with a microscope the particles are seen 
to be in continuous rapid and irregular motion. This motion never 
ceases and is only influenced by the size of the particles and the tempera- 
ture. The smaller are the particles the more rapid their motion. Thus 
particles of carbon in diluted india ink show a trembling and vibratory 
motion, while the minute particles of colloidal gold (§ 327) are seen 
under the ultramicroscope to be dashing vigorously in every direction. 
An increase of temperature causes an increase in velocity. 

The only satisfactory explanation of this movement is that it results 
from the bombardment of the particle by the malecules of the liquid in 
which it is suspended. A particle may be struck on one side by more 
or faster molecules than strike it on the other and the energy imparted 
to it will be enough to move it. A fraction of a second later the 
contrary effect may take place and the motion be thus reversed. 

Perrin started from the fact, established by work on osmotic pressure, 
etc., that “ At the same temperature all the molecules of all fluids have 
the same mean kinetic energy.” 

He assumed that a particle suspended in a liquid would behave like a 
molecule and have the same mean kinetic energy as a molecule of the 
liquid. From this assumption he calculated the rate at which a suspen- 
sion of such particles should thin out under the action of gravity (as the 
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molecules of air thin out as wo ascend a mountain), 
equation 


3 w log = </>(!> — 


Ho obtained an 


where w is the mean kinotic energy of the particle ; and n the 
average number of particles per unit volume at levels separated by a 
vertical interval h ; </> the volume of a granule ; D, 8, the densities of 
granule and liquid. The right-hand expression represents the gravita- 
tional force pulling the granules down and the left-hand expression the 
osmotic pressure (due to kinetic motion) forcing them up. In this way, 
all the above values except w being determinable, the mean kinetic 
energy of the individual particles was foimd. Fig. 50 explains the 
method of counting the granules at different levels. The volume of the 








OSMOTIC 


PRESSURE 


CAUSING 


DIFFUSION 


UPWARD 





GRAVITY 

CAUSING 

MOTION 

DOWNWARD 


A — Illustrating Perrin’s method of 
counting the number of atoms in 
a gram-molecule of a gas. 


OBJLCTiVE OP 
ruc«coscoPC* 

“^OVER ' OlASS, 

B — Counting the particles at different 
levels by determining the number 
visible in the flat field of a micro- 
scope objective adjusted at dilfer- 
rent heights. 


Fig. 60. — ^Thinning out of the granules in an emulsion under the 
action of gravity. 


granules was obtained by counting the number in a given volume and 
dividing by this number the weight of the substance contained in this 
volume of the suspension. Now this moan kinetic energy of one 
particle is equal to the kinetic energy of any single molecule at the 
same temperature and pressure. But wo have seen (§ 43) that the 
pressure p of a gas is given by 

p?- = ^ . nmu^f 

and since is the kinetic energy of a molecule we have 

2 

pv 


where w is the kinetic energy of a molecule. 
Now for a gram-molecule of gas, 

pv = jRT. 
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where R is a constant. Considering a gram-molecule of a gas n the 
number of molecules is N, the value we wish to find, and we obtain 

^Nw = RT 
ZRT 

or ^ ^ 2N ' 

Thus w, the mean kinetic energy, being found, and R and T being 
known, N can be found. The values obtained by this method, and also 
by the kindred method of deducing the moan kinetic energy of a particle, 
from the average distance in any one direction travelled by the particle 
in a given time agree in giving the enormous value of about 60 x 10** 
molecules per gram -molecule (22-4 litres) of gas at N.T.P. 

Another very accurate set of determinations of N depend on the 
determination of the charge on one electron e. The charge on a gram 
molecule of ions each having a charge of one electron is Ne and is equal 
to 96,494 coulombs (p. 130). We have then only to find e to know N, 

Millikan used the following ingenious and accurate method. Two 
metal plates, Pj, Pj, were separated by an air space and kept charged 
at a potential difference of some thousands of volts. A very fine spray 



Fig. 61. — Diagram illustrating Millikan *8 method of determining the 
charge on an electron. 


of oil droplets was allowed to pass between them and the air was 
‘ ionised ’ by means of X-rays setting free negative electrons and 
positively-charged ions. Now a droplet taking up a few ions or electrons 
became charged with a small multiple of e, the charge on one electron. 
This caused it to rise when positively charged and fall when negatively 
charged. The drop was illuminated by a beam of light and viewed by a 
telescope with cross-hairs, and the time necessary for it to rise or fall 
*5222 cm. measured. A particular droplet was foimd to have a few 
sharply -fixed velocities depending on the number (1-9) of electrons 
settling on the oil drop, an intermediate value never being found. 

From these velocities and the P.D. between the plates — wa^ calculated. 

where m is the mass of the oil -droplet. This was fotmd from its rate of 
fall under gravity, using Stokes’ law. The electronic charge was thus 
found to be 4*774 x 10”^® electrostatic imits or 1*692 x 10~*® electro- 
magnetic imits. The charge on a gram-ion is 9649*4 electromagnetic 
imits and the number of ions in a gram-ion is therefore 


9649*4 
1-502 ^ 

= 8-062 X 10**. 


T.O. 


X 
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This will also be the number of molecules in a gram -molecule, and is in 
reasonably close agreement with Perrin’s value obtained by a wholly 
different method. 

At least seven quite different ways of determining N have been 
found, and they all give values within some 10 per cent. The most 
accurate and recent experiments indicate that the most probable 
figure for the number of molecules in a gram-molecule of a substance 
is 6*06 X 10^. The stupendous figure of 6*06 X 10^® molecules 
in 22-4 litres of gas cannot be grasped, and one can only hope to 
devise a few illustrations which may help to convey its magnitude. 
One of the tiny bubbles which collect on the sides of a glass of soda 
water contains as many molecules as there are sand grains in two 
hundred and fifty acres of sand, a yard in depth. Another striking 
illustration is given by Sidgwick : “ If a tumblerful of water is 
poured into the sea, and in the course of time this becomes uniformly 
distributed through the sea, the rivers and all the other waters in or 
surrounding the earth ; and if then a tumblerful of "water is taken 
from any sea or river, this will contain about 1,000 of the molecules 
that were in the original tumbler.” 

In fact, the reader’s cup of tea probably contains some thousand 
molecules of the water which Socrates drank in his hemlock draught, 

188. The Electron. — The size, then, of the atoms and molecules 
and their numbers in a given quantity of matter are known with 
fair accuracy. The structure of the atom might well have seemed 
utterly beyond reach, and indeed until the last decade of the 
nineteenth century there was no evidence that the atom had any 
structure at all. The first step was the discovery by Crookes of a 
‘ fourth state of matter ’ in the electrical discharges in a highly 
exhausted tube. These particles, streams of which constituted 
these discharges, weighed by a method in some respects analogous 
to that of the mass-spectrograph (p. 174), were found to have a mass 
of only 1/1840 of that of a hydrogen atom. These particles, which 
were called ‘electrons,* were negatively charged and could be 
obtained from all kinds of matter by the influence of high tempera- 
tures, X-rays, etc. The electrons obtained from various kinds of 
matter were found to be identical and the electron was therefore 
considered to be a constituent of the atom. The atom is electrically 
neutral and so, since it contained these negatively-charged electrons, 
it evidently also contained positive electricity in some form. No 
free positive electron was definitely known to exist at this time. 
Atoms from which negative electrons had been detached, were posi- 
tively charged, but these were not thought to be positive electrons. 

189. The Scattering of Alpha- and Beta-rays by Matter. — ^Much light 
was thrown on the structure of the atom by the study of the effect of 
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thin sheets of metal upon the a-rays and jS-rays of radio-active sub- 
stances. These rays consist of a hail of material particles projected from 
radium and other radio-active elements at speeds varying from nearly 
that of light to about a hundredth of that value. The a-rays are a 
stream of positively -charged helium atoms (the nuclei of helium, i.e., 
helium atoms lacking the two negative electrons), and these particles 
have atomic weight 4 ; while the /8-rays are a stream of negative 
electrons of weight only 1/1840 of that of a hydrogen atom. 

When a beam of /8-rays was allowed to traverse a piece of metal foil 
it was found to be scattered, clearly as a result of the repulsion of its 
particles by negatively-charged particles — electrons — contained in the 
atoms of the metal foil. From the degree of scattering it was found 
possible to calculate the number of electrons responsible for the scatter- 
ing, and the number of tliese per atom of the metal constituting the 
foil was found to be about half the atomic weight of the atoms in 
question. Thus the gold atom (A.W. 197) appeared to contain about 
100 electrons, the aluminium atom (A.W. 27) about 14. No information 
could be obtained as to the way in which these electrons wore 
distributed in the atom, nor was any information available as to how 
the positive electricity in the atom was distributed. One fact was clear. 
The hundred electrons apparently contained in a gold atom had in ail 
about a twentieth of the mass of a hydrogen atom, while the wliole 
atom had two hundred times this mass. Clearly the mass of the atom 
was elsewhere than in the negative electrons. 

The next piece of evidence was derived from the bombardment of a 
piece of gold-leaf by a-rays, their course being measured by the effect of 
their ionised trails on a photographic plate. It was found that while 
almost all the a-particles were but little deflected (average scattering 
0-87°), a few, about one in twenty thousand, were turned through a large 
angle (c. 90°) or even deflected backwards. Now to deflect an a-particio 
something near its own mass is needed. The negative electrons known 
to be in the atom had about one seven-thousandth of the mass of an 
a-particle, and would deflect it about as much as a pea would deflect a 
cannon-ball. There was then something heavy in the atom and also 
extremely small, for only about one a-particle in twenty thousand 
could hit it. Sir Ernest Rutherford, on these facts, built a theory of 
atomic structure which has since been modified but not materially 
altered. 

140. The Nucleus of the Atom. — ^Rutherford concluded that the facts 
were accounted for by the assumption that the atom consists of a very 
small positively-charged nucleus, the mass of which is nearly equal to 
that of the atom and the charge of which is equal and opposite to the 
total charge of all the negative electrons outside it. Round this positive 
nucleus are distributed negative electrons probably revolving as the 
planets do round the sun. On this theory the positive electron was 
identical with the ion of hydrogen and was given the name of proton* 

At this stage it was correctly concluded that : 

(1) The atom had a small positively -charged nucleus of charge, Ne, 
where N is the number of negative electrons outside the nucleus and e 
the charge on one electron. 

(2) N was about one half the atomic weight. 

Now one half the atomic weight is very roughly equal to the atomic 
ntimber, t.a., the ordinal number denoting the position of the element in 
the periodic table. In 1912 it was suggested that the niunber of 
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electrons in the outer ring might be equal to the atomic number ; one 
step onward in the periodic table corresponding to the addition of one 
unit of positive charge ^ to the nucleus. The suggestion was not, 
however, adopted for some years. The study of radio-activity, 
however, threw much light on the structure of the atom. 

141. Radioactivity. — ^This large subject can hardly be discussed in a 
few paragraphs, and Chapter XKVI. contains a treatment of radio- 
activity and the radio-active elements much more detailed than any 
which can be given here. It was found by Becquerel, in 1896, that 
certain elements gave out ‘ rays * capable of affecting a photographic 
plate. Investigation of this phenomenon by the Curios, Rutherford, 
Soddy and others gradually elucidated a number of most remarkable 
facts, of which the following have a bearing on the structure of the 
atom. 

(1) The elements which manifest this phenomenon have atomic 
weight greater * than 207 and all elements of greater atomic weight than 
bismuth (209) are radio-active. 

(2) The ‘ rays ’ given out are of three kinds — 

(i) a-rays. These are a stream of oL-particles (which consist of the 
nuclei of helium atoms : A.W. 4) j>rojected with an enormous 
velocity which varies with the element producing them, 
and is greater than a hundredth of the velocity of light 
(300,000 km./sec.). 

(ii.) ^-rays. These consist of a stream of negative electrons travelling 
with velocities little less than that of light. 

(iii.) y-rays. These do not consist of material particles, but are 
electromagnetic vibrations of the character of light or X-rays, 
but of much shorter wave-length even than the latter. 

(3) When an element emits a- or ^-rays it is transformed into another 
element. Since the removal of electrons from the outer rings of the 
atom does not produce a new atom but only an ion (§§ 116, 153), 
evidently the electrons and helium nuclei are expelled from the nucleus 
of the atom. 

(4) If an a-particle is emitted, the new element formed in this way is 
the one which has atomic number less by two than the element from 
which it was formed ; i,e,, the new element formed is two places to the 
left of the old in the periodic table. Its atomic weight is diminished by 
four imits. Thus an atom of radium (A.N. 88 ; A.W. 226) gives out an 
a-particle (helium nucleus A.W. 4) and becomes emanation (A.N. 86 ; 
A.W. 222). 

If a jS-particle is given out then the atomic weight in unaltered, but 
the element increases its atomic number by one, moving one place in 
the periodic table to the right. 

(6) It was found that two or more elements of different atomic weights 
and radio-active properties, and therefore with different nuclei, could 
occupy the same place in the periodic table. Such elements are called 
isotopes and have chemical and physical properties so nearly alike as to 
be indistinguishable in most cases (§§ 148-151). 

It appeared then from these facts that the place of an element in the 
periodic table did not depend on the atomic weight — the number of 
protons in the nucleus — but rather on the total charge on the nucleus 

^ Not one positive electron necessarily, but n protons and n^l electrons. 

‘ But see § 267. 
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(number of protons ~ number of electrons) ; for if an atom loses one 
a-particlo (charge 2 0 ) and two /J-particles (charge 2 0 ) its place in the 
periodic table is unchanged though its atomic weight is diminished by 
four units. It seemed reasonable to suppose that the atomic number, 
denoting the place in the periodic table, is ec^ual to the total positive 
charge on the nucleus, i.e., to the difterence between the number of 
positive electrons (A.W.) and negative electrons in the nucleus. The 
number of negative electrons in the outer rings must be equal to this 
number, for the whole atom is electrically neutral. 

This theory had at a later stage to bo slightly modified. In 1932 
Chadwick discovered a particle which he called the neutron. The mass 
of this is equal to that of a proton but it has no charge. 

Since the electron is larger than the nucleus these was difficulty in 
suj)poHing that the nucleus contained electrons, and for this and other 
reasons it is thought that the nucleus consists of protons and neutrons 
only. 

Thus if the atomic weight of an element is W and its atomic number 
is N, we suppose its nucleus to contain W —N neutrons and N protons. 

When a radioactive nucUnis emits a /3-particle (electron) it is supposed 
that 1 neutron becomes 1 proton, whicli remains in the nucleus, and 
1 electron which is emittexl. 

142. X-ray Spectra and Atomic Number. — A remarkable piece of work 
which appeared in 1912 was performed by Moseley, who was, imfortu- 
nately, killed in the war of 1914-1918, He examined the X-ray 
spectra of various elements, spectra which had been inaccessible 
hitherto owing to the impossibility of ruling a grating fine enough to 
analyse these short waves. Moseley used a crystal of potassium ferro- 
cyanide, the regular linos of atoms in which (§ 103) acted as an 
exceedingly fine grating. 

He found that these spectra were of a simple type and established the 
fact that the square root of the frequency of the rays which made up the 
highest frequency line in the X-ray spectra of an element was proportional 
to the atomic number of the element. This gave us for the first time a 
means of finding the place of an element in the periodic table by direct 
experimerd and so discovering how many elements were missing in the 
periodic table. A.ssuming hydrogen to be the lightest and uranium the 
heaviest, it appears that all the possible elements have now been 
discovered except those of atomic numbers 85 and 87. 

At the time of the war of 1914-1918, by which scientific research was 
greatly hampered, we had, then, got a fairly clear idea of atomic 
structure. The atom was believed to have a very small nucleus contain- 
ing both positive and negative electrons, and round this was a crowd of 
electrons, probably rotating in rings, the arrangement of which was, 
it was thought, in some way related to the recurrent properties of atoms 
as shown in the periodic table. 

148. The Limitations of the Human Imagination " in the Study of 
Atoms. — The next and greatest advance was to discover how these 
electrons moved, if they moved at all, how they were arranged and how 
such arrangement influenced chemical and physical properties. This 
problem has been partly solved. The work of Niels Bohr and others 
has now given a very fair idea of how the nucleus and surrounding 
electrons are related and has gone far to explain the mechanism of 
chemical combination. The work is far from being a complete and 
accurate representation of the atom and its electrons, but, nevertheless, 
it must contain a consitierable substratum of truth. The most recent 
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tendency is to ignore any mental picture of an atom we may form as 
being probably misleading and to rely simply upon the mathematical 
statements of the behaviour of the atom. To most of us, however, these 
are largely unintelligible, and it is best, at first, to visualise an “ atomic 
model ” which must be fairly close to the reality. Continuous effort is 
necessary to prevent ourselves thinking of an electron as a little object 
like a shot or a marble and to realise that it is not in the least like our 
everyday idea of matter, but probably a good deal more like an electro- 
magnetic wave, itself a difficult enough thing to picture. 

144. Arrangement of Electrons Round the Nucleus. — It seems reason- 
able to suppose that .the electrons round the nucleus must either be 
stationaiy or moving! If they are stationary they should at once drop 
into the nucleus. Rutherford therefore supposed they wore rotating 
round the nucleus and kept away from it by the centrifugal force 
engendered by their rotation. The difficulty then arises that an electrical 
charge rotating in this manner should, according to the accei)ted ideas of 
electro-dynamics, give rise to electromagnetic vibrations and so radiate 
energy. The energy so radiated would be gained at the expense of the 




Fig. 62. — Radiation omitted by an atom as the result of an electron 
passing from its orbit to another orbit of smaller energy. 

electron’s kinetic energy ; its rotation would slow down and it would 
finally drop into the nucleus. 

From this dilemma a means of escape was afforded by the quantum 
theory. It had been evident since about 1000 that ordinary dynamics 
was not applicable to radiation. In older to account for many facts 
concemed with radiation Planck put forward his theory of quanta. Ho 
supposed that energy of vibration could only bo given out or taken up 
in quanta^ small portions, the size of which is hv where h m a universal 
constant and v is the frequency of the vibration of the system taking up 
energy. The quantum of energy is not like the electron, an absolutely 
fixed quantity, but varies with the frequency of the vibrating system 
producing the energy. The quantum theory has been so successful in 
accounting for numerous physical phenomena that it may be regarded 
as established. 

In order to get over the difficulty that, according to ‘ classical ’ 
electro -d3mamics, the electrons, whether fixed or rotating, must fall 
into the nucleus, Bohr made certain assumptions, which went beyond 
Planck’s quantum theory but which, by their results, seem to be 
justified. 

145. Bohr’s Theory of Atomic Constitution. — Bohr assumes : ( 1 ) When 
an electron rotates round the nucleus in any one orbit it emits no energy. 
The electron may have n orbits corresponding to the possession by it of 
1, 2, 3 • • n quanta of energy. The energy, E, of the electron is then 
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given by E = nhv where n is an integer and v have the meanings 
indicated above. 

(2) An electron, he assumes, radiates energy only when passing 
discontinuously from one state or orbit to another of smaller energy. 
If its first energy was E^ and the second Eg, the frequency v of the 
emitted radiation is given by E^ — Eg = /iv. 

This theory was certainly plausible, but its real value appeared when 
it was put to the test of accounting for the kind of radiation that atoms 
emit. It is well known that a glowing vapour or, in general, an atom 
in possession of much energy produces light which can be analysed 
spectroscopically into lines. That is to say, the radiation from atoms 
is of a small number of fixed frequencies, each corresponding to a 
spectroscopic line. ^ If radiation was emitted by the rotating electron, 
on the classical theory all frequencies should bo represented in the 
spectrum. One of the chief triumphs of Bohr’s theory was in the 
calculation from his assumptions, coupled with those of the theory of 
relativity, of the positions of all the lines in the hydrogen spectrum, n 



Fig. 63. — Orbits characterised by the quantum numbers, 3,, S*. 

feat so remarkable that twenty years ago we might have expected to 
wait a century for its performance. 

The spectral lines of ionised helium have also been calculated and 
found to correspond in every detail with the known spectra. The details 
of the spectra of more complicated atoms have not yet been calculated, 
but the results already attained are highly convincing. Moreover, the 
deduction of the atomic structures of more complex elements from 
their spectra and the confirmation of the truth of these deductions 
by chemical evidence affords an almost equally convincing evidence 
that Bohr’s theory is very close to the real truth. 

Bohr has gone forward from his original assumptions and from the 
spectra of the various elements, and from general considerations he has 
produced a general theory of the constitution of the atoms. 

Let us, before proceeding further, summarise the present state of 
knowledge as to the constitution of the atom. 

(1) Atoms are composed of neutral particles — neutrons — and 

positive units of electricity — ^protons — and negative units of 
electricity — electrons — with an equal and opposite charge. 

(2) The protons and neutrons^ constitute a nudeua small in size 

’ Except in the case of hydrogen. 
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comparod with the whole atom. The electrons are distributed 
round this nucleus, probably in orbits. 

If N is the atomic number of the element and W its atomic 
weight the nucleus contains N protons ^ and W — N neutrons 
(total charge -f The outer electrons are N in number 

(total charge — Ne). 

Thus sodium lias atomic number 11, atomic weight 23. 
There are, therefore, 11 protons and 12 neutrons in the nucleus 
of a sodiimi atom aiKl 1 1 electrons in the surrounding orbits. 

Let us consider the possible kinds of orbit. An electron may have 
1, 2, 3 or more quanta of energy of rotation in its orbit, and is then said 
to be characterised by a quantum number (n) of 1, 2, 3, etc. 

The elliptical orbit may have also various degrees of eccentricity and 
the degree of eceentricity is represented by the second quantum num- 
ber {k). These two numbers represent the quanta of energy corresponding 
to the major and minor axes of the ellipse. Thus, in the figure above 
wo see the ap^iroximate form of the orbits whore n is 3 and is 0, 1, or 2 
(known as 3o» 3^, Sg orbits). 

We will now consider what will be the configuration of the lighter 
atoms in their state of least energy with all the electrons in their lowest 
orbits. 

146. Structure of the Individual Atoms. — First period of the 
periodf^k. table. Hydrogen has only 1 electron in a 1 q orbit and its 
nucleus is a single proton. This arrangemerit is doducible from its 
spectrum. 

The second element, helium, has atomic wc'ight 4, atomic number 2. 
Thus it has a nucl(ius of 2 protons and 2 neutrons and has 2 electrons 
rotating round it, both in 1 o orbits. This inner pair of electrons in 1 , 
orbits is found in all elements, and their changes of orbit give rise to the 
X-ray spectra (p. 165). The orbits of the helium atom are smaller than 
that of hydrogen on account of the greater attraction due to the greater 
charge on the nucleus. 

Second Period , — The element lithium, which follows helium, has 
atomic number 3 and atomic weight 7. It has, therefore, 3 protons 
and 4 neutrons in the nucleus and 3 electrons in the outer rings. An 
arrangement of three 1 1 rings is evidently unstable on account of mutual 
repulsion, and the third takes a 2^ orbit. 

Now this third electron is much more easily removed than the two 
electrons of the helium atom, for it travels a long way from the sphere 
of attraction of the nucleus. We shall find throughout that the 
structure of an inert gas always represents a peculiarly stable system 
of electrons. This is the reason for their inertness, for chemical com- 
bination involves an interference with the outer electrons resulting in 
a more stable state. As we pass along the second period each element 
has an atomic number one greater than the last and, therefore, one 
more electron in the outermost set of orbits. Thus wo have for each of 
the elements of the second period : — 

(1) Nucleus. 

(2) Two electrons in 1 q orbits surrounded by 

(3) From 1-8 electrons in 2 q and 2^ orbits. 


* For the case where W is not a whole number, v. § 149. 
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Tcrlod. 

Atomic 

Number. 

Symbol. 

Electrons In 
One-quantum (lo) 
orbits. 

Electrons In 
Two-quanta Orbits. 

1 



1, 

2„ 

2x. 

1 

1 

H 

1 





1 

2 

He 

2 

— 

— 


3 

Li 

2 1 

1 



4 

Be 

2 

2 

— 


5 

B 

2 

2 

1 


6 

C 

2 

2 

2 

2 

7 

N 

2 

2 

3 


8 

O 

2 

2 

4 


9 

F 

2 

2 

5 


10 

No 

2 

2 

6 


With neon we reach the maximum number of 2-quanta electrons and 
with it a peculiarly stable arrangement. The next electron added goes 
into a orbit and the element — sodium — so produced is the analogue of 
lithium, which has a similar solitary electron in a 2i orbit. 

Third Period , — The next period, sodium — argon, reproduces the last 
in general structure. Each element has in successive (though inter* 
penetrating) layers : 

(1) Nucleus. 

(2) Two electrons in orbits, 

(3) Eight electrons in 2^ and 2^ orbits. 

(4) From 1-8 electrons in 3o and Sj orbits. 


o 


Hydrogen atom. 0hlorine atom. 
Fig. 54. 




Thus the sulphur atom, for example, has the structure, 

Electrons in 1 q orbits. 2^ and 2^ orbits. Sq and 3^ orbits. 

2 8 6 
and we end the period with an inert gas, argon, with the structure : 

Electrons in orbits. 2^ and 2^ orbits. Sg and 3^ orbits. 3^ orbits. 

2 8 8 — 
The complete layer of eight electrons again shows its peculiar stability 
and the fourth period here begins. 

Fourth Period , — The first element, potassium, has one more electron 
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than argon, but this does not go into a 32 orbit but into a 4^ orbit. So 
also calcium, the second c^loment, })as two electrons arranged in 4q orbits 
in a manner exactly analogous to beryllium and magnesium. But the 
third element, scandium, does not have three 4-quanta electrons. It 
retains the two 4-quanta orbits of calcium, while the new electron goes 
into a 3a orbit. This behaviour is characteristic of the transition 
elements (pp. 152-154). All of these have two or one electron onl}^ 
in their outer rings, while each successive elemt^nt has one more 32 orbit 
than the last. Tiiis process continues imtil all the possible places for 
3a electron orbits are filled. 

Fourth Period, 




1 

Klectrormln 

Number. i 

Symbol. 

lo Orbits. 

2o and 2, 
Orbits. 

3.. anrl 3, 
Orbits. 

3a Orbits. 

4o And 4, 
OrWts. 

19 


2 

8 

8 


1 

20 

Ca 

2 

8 

8 

— 

2 

21 

\'^v 

2 

8 

8 

1 

2 

22 


2 

8 

8 

2 

2 

23 

V «K 

2 

8 

8 

3 

2 

24 

Or [bm 

2 

8 

8 

5 

1 

25 

Mn f I E 

2 

8 

8 

5 

2 

26 


2 

8 

8 

6 

1 2 

27 

Co 11 

2 

8 

8 

7 

2 

28 

Ni /n 

2 

8 

8 

8 

1 2 

29 

Cu 

2 

8 

8 

10 

1 

30 

Zn 

2 

8 

8 

10 

2 

31 

Ga 

2 

8 

8 

10 

1 ^ 

32 

Ge 

2 

8 

8 

10 

4 

33 

As 

2 

8 

8 

10 

5 

34 

Se 

2 

8 

8 

10 

6 

35 

Br 

2 

8 

8 

10 

7 

36 

Kr 

2 

8 

8 

10 

8 


Consequently we find a series (21-28) of ‘ transition elements ’ with 
variable valency, coloured ions and other characteristic properties. 
As soon as the full eighteen possible electrons have gone into the 
3-quanta orbits the succeeding elements have each one more 4-quanta 
electron than the last and so a series of elements (Ga-Kr) exactly 
analogous to those of the short periods follows. 

Fifth Period , — ^This is quite analogous to the fourth, 

SisAh Period , — In this a now phenomenon appears. At the beginning 
of this period we start with an alkali metal, csesium, with a single outer- 
most 6n, electron, while both the 5-quanta series and the 4-quanta 
series of possible orbits are not filial up. When after two elements (as 
in the fourth period) the 5-quanta orbits (the next layer to the outer- 
most) begin to be filled in we get transition elements formed (La), but 
while the 4-quanta orbits, two layers deep in the atom, are being filled in 
we get the series of rare earths— elements remarkably alike because their 
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only structural differences are in the inner parts of the atom shielded 
by two electron layers (§§ 506-508). 

147. The Groups and their Structure. — It may be instructive to com- 
pare the structure of membeis of the same group but different periods. 
We may first consider the group of ineit gases (Group O). 


Inert Gas. 

Electrons in Orbits of 

1 quantum. 

2 quanta. 

3 quanta. 

4 quanta. 

5 quanta. 

6 quanta. 

Helium 

2 






Noon , 

2 

8 





Argon 

2 

8 

8 




Krypton 

2 

8 

18 

8 



Xenon 

2 

8 

18 

18 

8 


Emanation . 

1 

2 

8 

1 

18 

32 

18 

8 


The typical feature of an inert gas is then an atom having a completed 
outer layer to which no more electrons can be added. This is evidently 
a highly stable type of atom. 

As a second illustration we may take the alkaline-earth metals 
(Group II. A). 



Electrons in Orbits of 


1 quantum. 

2 quanta. 

3 quanta. | 

4 quanta. 

5 quanta. 

6 quanta. 

7 quanta. 

Beryllium 

2 

2 






Magnesium 

2 

8 

2 





Calcium 

2 

8 

8 

2 




Strontium. 

2 

8 

18 

8 

2 



Barium 

2 

8 

18 

18 

8 

2 


Radium 

2 

8 

18 

32 

18 

8 

2 


These alkaline-earth elements, then, are characterised by the posses- 
sion of an outer incomplete layer of two electrons, all the inner rings 
being complete. These outer electrons can be detached, forming ions 
such as Ba++, and consequently the elements are divalent. 

Finally, we may take a set of transition elements, say Group VI. A. 



Electrons in Orbits of 

1 

.. 

1 quantum. 

2 quanta. 

3 quanta. 

4 quanta. 

5 quanta. 

6 quanta. 

7 quanta. 

Chromium . 

2 

8 

13 

1 




Molybdenum 

2 

8 

18 

13 

1 



Tungsten . 

2 

8 

18 

32 

12 

2 


Uranium 

2 

8 

18 

32 

18 

13 

1 
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Each of these elements lias the outer two groups, consisting of 13 and 
1 (or 12 and 2) electrons, respectively. The group of 13 consists of a 
complete group of eight 3o and 3i, and 4^, and 5^ or 6 q and 6 i orbits 
and an incomplete group of five (or four) Sg, 4a, ^2 or 63 , etc., orbits. The 
electrons of these incomplete groups and the single outer electron are 
readily detached, so that six electrons (or a less number) can be removed 
for chejmical combination and we find in chromium, for example, 
valencies of 2 , 3 and 6 . 

The Bohr atom then provides a clear explanation of the remarkable 
regularities of the periodic table, and still more convincingly explains 
many of the peculiar irregularities which had always been noticed and 
had even been regarded as a fatal defect in the table as an expression 
of the relationships of the chemical elements. The Bohr system is not 
to be regarded as the last word on the subject of atomic structure. 

There are certain features about spectra which it cannot explain, 
and its treatment of the electron as a particle with an exact and defined 
position in space seems to bo unsound. The electron behaves both as 
a particle and also as a quantum of exceedingly short waves. Its 
position is not accurately definable. 

The new wave-mechanics endeavours to advance beyond the Bohr 
theory by the use of an elaborate mathematical treatment, quite out 
of range of the ordinary chemist. Several problems have been solved 
to which the Bohr theory gave no clue. None the less, the Bohr 
theory remains the practical working theoiy of chemists, and is at 
least a very close approximation to the truth. 

148, Isotopes. — ^The term isotope was invented by Soddy in 1913 
to denote elements which, though having different atomic w^eights, 
had identical chemical properties, and consequently occupied the 
same place in the periodic table. These radio-active isotopes are 
discussed in some detail in Chapter XXVI. The case of outstanding 
interest was that of lead. It was shown that in radio-active changes 
uranium (238) lost eight a-particles (atomic weight 4) and changed 
into lead, which should, therefore, have atomic mass 238 — 8 x 4 = 
206, while thorium (atomic weight 232) lost six a-particles and also 
became lead, which should have atomic weight 232 — 6 x 4 = 208. 
Soddy predicted that a difference in atomic weight would be found 
in lead from thorium and uranium minerals respectively. This was 
found to be the case (§ 630), and these two kinds of lead were found 
to differ in atomic weight by about two units, but were indistinguish- 
able in all properties which did not depend on atomic weight. 

The atomic theory of Dalton (§ 36) stated that atoms of the same 
kind all had the same mass. This was not a justifiable assumption. 
All the chemical laws would be just as well explained if the atoms 
of any one element had always, in any considerable portion, the same 
average mass. The weighing of individual atoms has not been 
attempted until recently, and all ‘ atomic weights * were averages 
based oii the weighing of such a great number of atoms (more than 
10^^), that all individual differences would be smoothed out. Thus 
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the weight of a man is a highly variable quantity, say 8-18 stone, a 
divergence of up to 60 per cent, of the mean being common, but the 
weight of a thousand men taken at random will vary very much 
less in proportion, a difference of 1 per cent, between two successive 
thousands being very unlikely. 

The method of positive ray analysis of Sir J. J. Thomson gave a 
rough method of estimating the weights of individual atoms. In 
this method, which cannot be here described in detail, a beam of 
rapidly-moving positively-charged atoms is subjected to an 
electromagnetic field, which causes the individual atoms to travel 
in courses, the locus of which is a parabola of size and shape depend- 
ing on the mass of the atoms concerned. These parabolas were 
received on a photographic plate. The method at first indicated 
that all atoms of the same kind had the same mass, but the element 
neon gave a distinct double trace indicating atoms of two different 
masses. Aston, in 1919, devised the mass-spectrograph which he 
has since improved so as to measure the individual atomic weights 
with an error of less than 1 in 10,000. 

Figs. 65 and 56 give a rough idea of the construction of a mass- 
spectrograph. An X-ray bulb, B, has an anode, A, of aluminium, and 
a perforated cathode, C, of the same metal. A silica bulb, D, receives 
the concentrated stream of electrons from the cathode. A minute leak 
allows the entry of a trace of the vapour of some volatile compound of 
the element, the atomic weights of the atoms of which are to be deter- 
mined. Atoms (or molecules) of the element become positively charged 
as a result of the dotaclxment of electrons. These ions are attracted to 
the negatively -charged cathode and a few pass through the perforation 
in the cathode, forming a beam of rapidly -moving and positively -charged 
atoms or molecules. From these rays of charged atoms, travelling with 
varying velocities, a thin ribbon is selected by the slits S The atoms 
composing this ribbon are deflected by a powerful electrostatic field to 

an extent given by i.e., directly as their charge and inversely as 

their kinetic energy. A group of these rays is selected by the diaphragm 
(Fig. 66), and then passes between the poles of a powerful electromagnet 
of which the field is so arranged as to bend the rays in the opposite 

direction, it can be shown that this deflection is proportional to — , 

mv 

and by suitably adjusting the strength of the fields it is possible to 
deflect the rays in such a way as to bring them to a focus, the position 
of which depends on m only. A photographic plate receives the flying 
ions at their focus and is thus marked with a series of lines each corre- 
sponding to a group of atoms of the same mass. Some common atoms, 
which are always present, give markings which can be recognised, and 
by measurement of the position of the lines relative to these markings 
the mass of the particles causing them can be deduced. 

Several improvements and modifications in the apparatus have been 
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made, but the above gives a sufficiently close approximation to the 
method as now carried out. 

As a result of those investigations a great number of the elements 
have been shown to be complex in character, and the table appended 
(pp. 175-176) shows the latest conclusions reached on the subject. 

149. Prout’s Hypothesis. — It has been noticed at an early date that 
atomic weights wore much more often nearly whole numbers than 
would be expected if they were merely a set of numbers taken at random. 
Prout, in 1815, suggested that the atoms of all elements were made up of 
smaller atoms of some primordial substance. He suggested that these 
were atoms of hydrogen. If this were true and if hydrogen were taken 
as the unit of atomic weight all atomic weights should be whole numbers. 




rocus OF •eanT' 

OF ATOMS- 


vy. 


Electrically 

CHARGED PLATES 



S, CHARGED 
_ ATOMS, 


J,- 

Diaphragm. 


^ ( From X 

COLLIMATING SLiTS. tub^ 


Fig. 65.— Aston’s Mass-spectrograph. 



This was seen to be untrue, for chlorine, copper and several others were 
obvious exceptions. When Rutherford put forward the theory (§ 140) 
that atoms were made up of protons (atomic weight 1 *008) and electrons 
(atomic weight, c. 0*0005) it appeared that all elements should have 
atomic weights within a small fraction of a whole number for all atomic 
weights would be (1*008 + 0*0005) n, where n is the number of protons 
present. It soon appeared that another factor inffuenoed this result 
and it seemed likely that energy had been liberated in great quantities 
when protons combined, at some time in the remote past, to form a 
nucleus, and this energy, according to the relativity theories, was 
equivalent to a certain mass. 

Thus, for example, the helium atom contains : 

2 protons and 2 neutrons . • . . Mass. . 4*032 

2 electrons ••••••• Mass c. . 0*002 


4*034 
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The actual atomic weight of helium is, however . . • 4*003 

The difference being accounted for by the energy of formation 
of the helium nucleus equal to 700,000 cals, per gm. -atom 
of liclinm, equivalent to a mass of . . . . . 0 031 


4*034 


These considerations, however, made it more, rather than less, 
probable that atomic weights should be, at any rate, nearly whole 
numbers. 

The explanation of fractions of a unit occurring in atomic weights 
was found, as a result of the use of the mass-spectrograph, to be the fact 
that many elements were mixtures of two or more isotopea, identical in 
chemical properties and in such physical properties as do not depend on 
atomic weight. Thus, neon, of atomic weight 20*2, was shown to be a 
mixture of two neons, one of atomic mass 20 and the other of atomic 
mass 22. Chlorine, of atomic weight 35-46, was also foimd to consist 
of two kinds of atoms of atomic mass 35 and 37. 

The examination of the remaining elements showed that their atoms 
all had masses which were nearly whole numbers if the weight of an 
oxygen atom be called 16-000. The divergence from whole numbers 
due to the “ packing ” effect resulting from the liberation of energy in 
their formation amoimts at most to about 0-09 units. 

The table given below is that issued by the Chemical Society for 1929 ; 
modified to agree with the state of modem knowledge. 

ATOMIC WEIGHTS AND ISOTOPES. 1934. 

Wliere the last figure of an atomic weight may be in error by several 
units it is given as a subscript figure. A^ere the last figure is given in 
ordinary type its error probably does not exceed one, or at most two, 
units. 


Atomic 

number. 

Name. 

Symbol. 

Atomic 

Weight. 

Mass-numbers of Isotopes in Order 
of Intensity. 

1 

. Hydrogen 


H 

1*0081. 

1, 2 

2 

Helium , 


He 

4*003 

4 

3 

Lithium 

* 

Li 

6*94 

7, 6 

4 

Beryllium 


Be 

9*02 

9 

6 

Boron . 


B 

10*83 

11, 10 

6 

Carbon . 


C 

12*003e 

12, 13 

7 

Nitrogen 


N 

14*008 

14, 15 

8 

Oxygen 


0 

16*0000 

16, 18, 17 

9 

Fluorine 


F 

19*00 

19 

10 

Neon . 


Ne 

20*18 

20, 22, 21 

11 

Sodium 


Na 

22*997 

23 

12 

Magnesium 


Mg 

24*30 

24, 25, 26 

13 

Aluminium 


A1 

26*97o 

27 

14 

Silicon . 


Si 

28*0e 

28, 29, 30 

16 

Phosphorus 


P 

31*021 

31 

16 

Sulphur 


8 

3206fi 

32, 34, 33 



176 


VALENCY, PERIODIC TABLE, ETC. 


Atomic 

number. 

Name. 

Symbol. 

Atoini * 
Weight. 

MasB>iiuinl)cr.^ of IsotopoH In Order 
of Intensity. 

17 

Chlorine 

Cl 

35-457 

35, 37 

18 

Argon . 

A 

39-944 

40, 36, 38 

19 

Potassium 

K 

39105 

39, 41, 40 

20 

Calcium 

Ca 

40-08 

40, 44, 42, 43 

21 

Scandium 

Sc 

45-10 

45 

22 

Titanium 

Ti 

47-90 

48, 46, 47, 50, 49 

23 

Vanadium 

V 

50-95 

51 

24 

Chromium 

Cr 

52-01 

52, 53, 50, 64 

25 

Manganese 

Mn 

54-93 

55 

20 

Iron 

Fe 

55-84 

56, 54, 57, 58 

27 

Cobalt . 

Co 

58-94 

50 

28 

Nickel . 

Ni 

58-69 

58, 60, 62, 61, 64 

29 

Copper. 

Cii 

63-57 

63. 65 

30 

Zinc 

Zn 

()5-38 

04, 06, 08, 07, 70 

31 

Gallium 

Ga 

69-72 

69, 71 

32 

Germanium . 

Go 

72-60 

74, 72, 70, 73, 76 

33 

Arsenic. 

As 

74-934 

75 

34 

Selcniiuin 

So 

79-2 

80, 78, 76, 82, 77, 74 

35 

Bromine 

Br 

79-91e 

79, 81 

36 

Krypton 

Kr 

82-9 

84, 86 , 82, 83, 80, 78 

37 

Rubidium 

Rb 

85-44 

85, 87 

38 

Strontium 

Sr 

87-63 

88 , 80, 87 

39 

Yttrium 

Yt 

88-93 

89 

40 

Zirconium 

Zr 

91-22 

90, 92, 94, 91, 96 

41 

Niobium 
(Colurnbium) . 

Nb 

(Cb) 

93-3 

93 

42 

Molybdenum , 

Mo 

95-95 

98, 96, 95, 92, 94, 100, 97 

43 

Masurium 

Ma 

— 


44 

Kuthemium . 

Ru 

101-7 

102, 101, 104, 100, 99, 96 

45 

Rhodium 

Kh 

102-91 

103 

46 

Palladium 

Pd 

106-7 

104, 105, 106, 108, 110, 102 

47 

Silver . 

Ag 

107-880 

1 107, 109 

48 

Cadmium 

Cd 

112-41 

114, 112, 110, 111, 113, 116, 
106, 108 

49 

Indium . 

In 

114-76 

115 

60 

Tin 

Sn 

118-70 

120, 118, 116, 119, 117, 124, 
122, 112, 114, 115 

61 

Antimony 

Sb 

121-76 

121, 123 

62 

Tellurium 

Te 

127-61 

130, 128, 126, 125, 124, 122, 
123 

53 

Iodine . 

I 

126-92 

127 

64 

Xenon . 

Xe 

131-3 

129, 132, 131, 134, 136, 130, 
128, 124, 126 

55 

Caesium 

Cs 

132*91 

133 

66 

Barium 

Ba 

137-36 

138, 137, 136, 135 

67 

Lanthanum . 

La 

*138-92 

139 

68 

Cerium . 

Ce 

140-13 

140, 142 

59 

Praseodymium 

Pr 

140-92 

141 

60 

Neodymium . 

Nd 

144-27 

142, 144, 146, 143, 145 
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Atomio 

niitnber. 

Name. 

Symbol. 

Atomic 

WeiRht. 

Mass-niimbor'^ nf Isot ipps In Order 
of Intensity. 

61 

Illinium (?) . 

11 



62 

Samarium 

Sm 

150-43 

152, 154, 147, 149, 148, 150, 





144 

63 

Europium 

Eu 

152-0 

151, 153 

64 

(ladolinium . 

(id 

157-3 

156, 158, 155, 157, 160 

65 

Terbium 

Tb 

159-2 

159 

66 

Dysprosium . 

Dy 

162-4e 

164, 162, 163, 161 

67 

Holmiura 

Ho 

163-5 

165 

68 

Krbium 

Er 

167-2 

166, 168, 167, 170 

69 

Thulium 

Tin 

169-4 

109 

70 

Ytterbium 

Yb 

173-04 

174, 172, 173, 176, 171 

71 

Lutecium 

Lii 

1750 

175 

72 

Hafnium 

Hf 

178-6 

(176), 177, 178, 179, 180 

73 

Tantalum 

Ta 

180-88 

181 

74 

Tungsten 

w 

183-92 

184, 186, 182, 183 

75 

Rhenium 

R(3 

186-31 

187, 185 

76 

Osmium 

Os 

190-2 

192, 190, 189, 188, 186, 187 

77 

Iridium 

Ir 

1931 

193, 191 

78 

Platinum 

Pt 

195-23 

195, 196, 194, 198, 192 

79 

(Jold . 

Au 

197-2i 

197 

80 

Mercury 

Hg 

200-61 

202, 200, 199, 201, 198, 204, 





196, 197, 203 

81 

Thallium 

T1 

204-39 

205, 203 

82 

Load . 

Pb 

207-22 

208, 206, 207, 204, 203, 205, 





209, 210 

83 

Bismuth 

Bi 

209-0„ 

209 

84 

Polonium 

Po 

— 


85 

— 

— 

— 


86 

Niton . 

Nt 

222 


87 

(Emanation) 

(Em) 



88 

Radium 

Ra 

225-97 


89 

Actinium 

Ac 

— 


90 

Thorium 

Th 

232-12 

232 

91 

Protoactinium 

Pa 

— 


92 

Uranium 

U 

238-1 

238, 235 


Considering the fact that so many elements consist of mixtures of two 
kinds of atoms it is very remarkable that their atomic weights, as 
determined by chemical methods, are in practice so constant. The only 
element of which the atomic weight varies according to its source is 
lead, which we know to be derived from at least two different soiuces, 
thorium and uranium. It seems likely that when the atoms wore 
originally formed the isotopes were produced in certain fixed proportions 
aiMri have never become separated. 

150. Attempts to Separate Isotopes. — Isotopes should differ theoreti- 
cally in density, and it should therefore be possible to separate them 
by diffusion (pp. 63-66). Very repeated diffusion of hydrogen 
chloride, using about 19,000 litres, has yielded two samples diiSering 
in atomic weight by about 0*056 unit and a rather greater degree of 
separation has been attained in the cases of neon and mercury. 
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The method which has proved most successful is that of “ ideal 
distillation.” 

The kinetic energy of any gas-molecule at the same temperature is the 
same. Thus, suppose the atoms of the isotopes of an element to have 
masses Wj, then at a given temperature their velocities, v^, will 
be given by the equation 



It follows then that at a given temperature the lightest atoms will 
have the greatest velocities. 

Vlien a liquid evaporates the more rapidly moving molecules will 
leave its surface at a greater rate than do the slower ones ; but if they 
evaporate into a space containing a vapour the rapid molecules are also 

the ones most rapidly reflected back 
into the liquid. But if a liquid element 
is evaporated at such a low pressure 
«)u»o . that the molecules do not collide with 

SOL .0 MERcu»»v. each other to an appreciable extent, the 
uqUiD MERCufW. residual liquid will become poorer in 
the lighter isotopes and richer in the 
heavier ones. 

Mercury has been separated to some 
extent into portions of greater or loss 
atomic weight by evaporating it mider 
low pressure and allowing the vapour 
to condense on a sui'face cooled with 
Fig. 57. — Separation of isotopes liquid air. The solid mercury condens- 
of mercury by ideal distillation, ing contains more of the lighter isotopes 
The solid mercury condensed and the mercury remaining more of the 
on the i^er vessel contains heavier isotopes. The method has been 
more of the lighter isotopes. ^Iso applied to certain melted metals, 

e.gr., potassium. 

The isotope of hydrogen of mass 2 is of such importance and differs 
so widely from the isotope of mass 1 that it has been thought best to 
treat it separately in § 193a. 

151. Atomic Structures of Isotopes. — ^The explanation of the existence 
of isotopes follows readily from the modem theory of the structure of 
the atom. The atom consists of : — 

(1) A nucleus, containing N protons and W-N neutrons, where W 
is the atomic weight and N the atomic number. The net positive 
charge of the nucleus is -f N. The mass of the nucleus determines the 
atomic mass. 

(2) 'A set of electrons distributed round this nucleus. There are N 

of these making a total negative chaise — JV, equal and opposite to 
that of the nucleus. On the number of these electrons depends the 
chemical and most of the physical properties. ^ 

Isotopes differ in the properties to be ascribed to the nucleus, c.gr,, in 
atomic mass, and the properties derived from it such as density ; also 
in radioactivity, which is a nuclear property. 

They are identical in the other properties which we have reason to 
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assign to the outer electrons. We may assume, then, with reason, that 
isotopes have identical electronic orbits and consequently identical 
nuclear charge. They have, on the contrary, diiferent nuclear masses. 
Now the nuclear charge JV, is that of N protons, and clearly the number 
of neutrons present will not affect this charge but will affect the atomic 
weight. Thus the two isotopes of neon may be represented diagram- 
matically thus : 




The nuclei differ in composition and therefore in mass, but have the 
saints charge ( -f 10c), The electrons outside the nucleus are identical 
in oacli case. 

151a'. Atomic Transmutation. — ^When matter is bombarded with heavy 
[)articlos travelling at enormous speeds, some of the nuclei of the atoms 
are struck, and of these some are disintegrated. 

The electron (A.W. 0-0005) is not a heavy enough particle, but the 
a-particle (helium nucleus, A.W. 4), the proton (A.W. 1), the diplon 
(diplogcn nucleus, A.W. 2), the neutron (§ 161b, A.W. 1) have all been 
used. The great speed in the case of the a-particle and the neutron is 
inherent in the way they are formed. Protons and diplons have to be 
accelerated by a powerful electric field. 

The tracks of these particles can be photographed by the methods 
described in § 1260, and by studying the nature of the trails and the 
angles of deflexion of the products, inferences can be drawn as the 
products. In most cases only a few atoms are broken up, and the 
extent of such transmutation is far beyond estimation by chemical 
means. 

The general rule is that the nucleus of the atom bombarded takes up 
the bombarding particle, and then, becoming imstable, breaks up into 
two nuclei, which, of course, ultimately collect their complement of 
electrons. 

The following transmutations are examples of this. The superscript 
figures are atomic weights : — 

Li’ + HI = 2He« 

Lithium 4- proton == two helium atoms. 

-f 3He* 

Isotope of boron -f proton == three helium atoms 
Bi® -f He* = HI -f Cl® 

Boron + a-particlo = hydrogen + isotope of carbon 
A great nximber of such transmutations have been described. 

151b. The Keutron. — Chadwick, in 1932, discovered that when 
beryllium is bombarded with a-particles, particles of very long range 
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are emitted. They are not deflected by an electric field, and conse- 
quently have no charge. Their mass is nearly that of a proton. It is 
generally concluded that the netUron^ as this particle is termed, is a 
simple elementary constituent of matter like the proton and electron. 

151c. The Positive Electron. — ^The positive electron of charge -f 1 
and mass, probably the same as that of a negative electron, was dis- 
covered independently by C. D. Anderson and by P. M. S. Blackett 
and G. P. S. Occhialini. 

It seems unlikely that it is a constituent of matter. It seems to be 
produced by the absorption by matter of radiation of very short wave- 
length [e.gr., certain y-rays (§ 1255) ]. Little is as yet known about their 
relation to matter. 

Finally, then, there are four particles, which are “ ultimate *’ in the 
sense that they cannot bo transformed one into the other. They are : — 


I. 

Electrons 

. Mass 1/1840 

Charge — 

e 

It. 

Protons 

. Mass 1-008 

Charge -f 

e 

III. 

Neutrons 

. Mass 1-010 

Chargo 

0 

IV. 

Positive electron 

. Mass 1/1840 

Charge -f 

e 


There is no certainty that we have exhausted all the possibilities of 
ultimate particles. The neutrino^ mesotron^ and heavy electron have 
been described, but as they are not normal constituents of matter 
they do not concern the chemist. 

CHEMICAL COMBINATION AND VALENCY IN THE LIGHT 
OF THE BOHR ATOM 

152. Historical. — ^During the last twenty-five years there has been a 
general belief that the valency linkages of atoms were in some way con- 
nected with the electrons of the atom. The fact that polar compounds 
(§§ 116, 157) can be split up into positively- and negatively -charged 
ions suggested that the mechanism of chemical combination was the loss 
by one atom of certain electrons and the retention of these by the other 
atom ; the first atom was thus positively charged and the second 
negatively, these charged atoms being then held together by electro- 
static attraction, 

A -f B = A+ -f B- = [A]+[B]“. 

As soon as the arrangement of the outer electronic orbits of the atom 
became cleared up, the way was paved for a more complete theory of 
valency. The first theory, put forward by Kossel in 191 6, satisfactorily 
explains the linkages of polar compounds — the ionisable acids, bases and 
salts, but does not explain the covalent linkages of ordinary compounds. 

153. Electrovalent Linkages. — ^The inert gases of Group 0 have a 
peculiarly stable electronic structure characterised by a complete outer 
group of eight electronic orbits (in the case of helium, two). The 
elements of Groups I. A, II. A, etc., are known to be strongly electro- 
positive, i.c., they readily lose an electron and become positively- 
charged ions such as K+, Mg++, etc. It is evident from the valencies 
of the groups of the periodic table that the normal elements ^ of the 
earlier groups readily lose electrons, and in each case revert to the 
external structure of an inert gas, as the table below shows. Just in the 


^ See below for transition elements. 



ELECTRONIC THEORY OF VALENCY 


181 





182 


VALENCY, PERIODIC TABLE, ETC. 


same way the elements at the other end of a period (Groups VI., VII, ) 
readily become electronegative ions, i.e., they gain electrons, and their 
valencies also show that when they do this they reach the type of an 
inert gas. 

The tablb on p. 181 illustrates the fact that the ions of these elements 
have the same pattern of electronic or bits as inert gases. They are not 
identical with the inert gases, because (a) they are electrically charged, 
( 6 ) they have a different nuclear charge, and the electrons are therefore 
held in orbits of somewhat different amplitude. It is supposed then 
that when a polar compound is formed between such elements os these 
the process is : 

( 1 ) A transference of electrons from the electropositive to the electro- 
negative atom. 

Na + Cl = Na+ + Cl- 
(2.8.1) (2.8.7) (2.8)+ (2.8.8)“ 

Neon type. Argon type, 

(2) The binding of these charged ions into a solid crystal by electro- 
static attraction : 

Na+ + Cl“ == [Na] ‘■[Cl]“. 

This theory of valency accounts for the following facts about the 
combination of the elements (other than transition elements) : 

( 1 ) That certain compounds are readily split up into ions. 

(2) That the charge on these ions is equal to the niunber of places 
by which the element is distant in the periodic table from the nearest 
inert gas. 

In the case of the transition elements electrons may be lost from the 
outer two layers of orbits, and in general the number so lost is not more 
than three, for it does not seem possible for an ion to exist with more 
than four charges, and even the latter figure is rare. Consequently 
the ions of the transition elements do not conform to an “ inert gas 
pattern but only to a pattern more stable than that of the original 
atom. Thus transition elements often have variable valency, since there 
is no outstanding pattern of stability to which they conform. Thus, 
compare the charges on the ions of the normal and the transition 
elements of the first long period. It will be seen that in general the 
only elements which can form two stable ions of different charge belong 
to the transition Rouping. (Copper has a structure analogous to a 
transition element in many respects.) 

154. Covalent Linkages. — The majority of compounds — for the 
organic compoimds alone easily outnumber the remainder — ^are not 
connected by polar or ionisable linkages. It is not possible to apply 
the theory we have already outlined to such compounds as, say, sulphur 
dioxide SOj, or molecular oxygen Oj. There is no reason why one 
atom of oxygen should lose two electrons to the other. To reach the 
inert gas type, oxygen should gain two electrons or lose six, and the only 
oxygen molecule one might expect would be 

lor 

or O 4 , a most improbable arrangement which, in fact, does not occur. 

G, N. Lewis propoimded, in 1916, a theory of valency which applies 
to non-ionisable oompoimds. Lewis held a theory of a static atom 
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which is now generally discarded on account of the success of Bohr’s 
dynamic atom in explaining spectra, but the principle he laid dowrx was 
that now accepted. His principle was that ; 

In a non-ionisable linkage electrons could bo slmred between two 
atoms so os to contribute towards the stability of both by bringing their 
structure to the inert gas pattern. 

Thus, consider two atoms of oxygon. Their structure may bo 
diagrammatically represented thus : 


TWO OXYGEN ATOMS. 



SIX electrons in outer LAVER. SIX ELECTRONS IN OUTER LAYER. 

Fig. 59. 


If those two could share two of their electrons we should have : 



8 electrons in OVTER LAVER. • ELECTRONS IN OUTER LAYER . 

OXYGEN MOLECULE . 

Fio. 60. 

in which each atom has eight electrons rotating round it in its outer 
ring, a state of affairs which is an approximation to the inert gas 
pattern. The method by which this sharing is accomplished remains 
uncertain. The assumption that the shared electrons rotate round 
both nuclei is quite unproved, thou^ it gives a useful picture. 

Again consider the formation of a molecule of ammonia from three 
atoms of hydrogen and one atom of nitrogen. The latter atom shares 
throe electrons, which with its original five brings it to the stable neon- 
type. The hydrogen atoms each share one of the nitrogen atom’s 
electrons, thus reaching the holium-typo. 

H 

H« • N : H • N I 

• • * 


Three hydrogen atoms with 1 
electron ( x ) each. One nitrogen 
atom with 6 electrons (.) in 
outer ring. 


H 

Molecule of ammonia. The 
hydrogen atoms have a com- 
plete 2-ring (helium-type) and 
the nitrogen atoms a complete 
8-ring (neon-t 3 rpe). 
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By sharing electrons, two atoms, both of which have two electrons too 
few for stability, can each gain a stable outer layer of eight electrons. 
This type of combination will therefore occur briefly in the case of 
elements which have too few electrons for the inert gas pattern, 
Groups IV. to VII., not in the case of those elements which have too 
many electrons. Groups 1. to III. Thus we find the electronegative 
elements (non-metals) form covalent — non-ion isablo — compounds much 
more reaclily than do the electropositive elements — metals. 

VVe may often represent these linkages diagrammatical! y by showing 
the outer electrons only. Thus carbon tetrachloride may be repre- 
sented (showing the electrons derived from the carbon as x and those 
from the chlorine as . ). 



* Cl ; 


• • 




‘.Cl : 

Cl • 

'c ' 

• Cl *. 

! Cl ; c ; Cl 




.‘ci : 


Carbon atom and chlorine atoms In carbon tetrachloride every 
have incomplete outer rings of 4 atom is encircled by 8 electronic 
and 7 electrons respectively. orbits. 

These covalent linkages are not brokc'n up by ionisation, because the 
atoms or groups are actually held together by two or more encircling 
electronic orbits and becaiise there is not a marked difference of polarity 
between the different parts of the moloculo. 

156. Co-ordinate Linkages. — ^The covalent linkage comes about by 
the sharing of a pair of electrons, one from each atom. If both electrons 
are contributed by one atom then the co-ordinate type of linkage results. 
For an atom to form such a linkage it must have a pair of electrons 
unshared by any other atom. 

Thus methane H 

H * H 

could not form such a linkage, for all its electrons are shared ; but 
ammonia, 

H 

H ;V: 

• + 

H 

can form such compounds (§ 692). Thus with hydrogen ion (acids) it 
forms the ammonium ion. 

H r H “]♦ 

h;n: ♦ [h]* - h;n:h 

H L V - 

The hydrogen ion, destitute of electrons, shares nitrogen’s spare pair, 
so becoming of the helium type. In doing this the ion receives the 
positive charge of the hydrion. Again, in the sulphate ion the sulphur 
and oxygen do not contribute equal numbers of electrons. If they did 
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so the product would be SO. Actually, the sul[)hur contributes all its 
electrons to the oxygon, receiving none in return, and since it has only 
six of these the eight are made up by taking two from outside. 


:o: 



* o *, 


. 3‘jlectrons from O atoms, 

* Klectrons from S atoms. 

Electrons from outside. 

A co-ordinate linkage is represented by an arrow — > pointing towards 
the atom receiving the electrons. Thus sodium sulphate is 

H' [>a' [-]■ 

Molecular compounds, such as the ammines, hydrates, etc., are 
probably joined by co-ordinate linkages. Complications are introduced 
by the fact that the octet of outer electrons is not the only possibility, 
a set of twelve electrons having the same features of stability. The 
co-ordinate linkage is further discussed under metallic ammines. 

166. Summary. — To summarise, there are three types of valency i 

(1) Poiar linkages. Those are formed by a passage of electrons from 
one atom to another, ions being formed. These linkages bind the 
radicals of acids, bases and salts. 

(2) Covalent linkages. Those are formed by the sharing of electrons 
between two atoms, each atom contributing equal numbers. These 
arc found in the gn^at majority of organic and inorganic compounds 
other than acids, bases and salts. 

(3) Co‘Ordi7iate linkages. These are formed by an atom contributing 
two (or very rarely one) electrons to another atom, but itself receiving 
none. Such linkages are found where apparently saturated compounds 
unite with atoms or rnoloculos ; they also connect the atoms which 
build up many of the most important ions (§§ 777, 916, etc.). 



CHAPTER VIII 


ACIDS, BASES AND SALTS 

157. The Nature of Acids, Bases and Salts. — The classification of 
chemical substances into electrovalent and covalent compounds has 
already been discussed in Chapter VI. It was there pointed out 
that certain chemical compounds were distinguished from all 
others by — 

(1) The fact that they undergo electrolysis. 

(2) Their abnormally low apparent molecular weight in solution. 

(3) The additive character of their properties. 

These substances are called electrovalent, and it was shown that 
these properties and some others were accounted for if it was 
assumed that the substances were, in part or wholly, dissociated in 
solution into charged particles or ions ; and in Chapter VII. the 
theory was advanced that the constituent atoms or groups con- 
tained in these substances were linked by a peculiar type of valency 
bond which involved the transference of one or more electrons from 
one group to the other, 

Electrovalent compounds are further classified as acids, bases 
and salts. The exact definition of these has always presented some 
difficulty owing to the fact that many substances belong to tw'o of 
these classes. In the later part of the chapter definitions are given 
which do not involve the use and terminology of the ionic theory, 
but, at any rate to the more advanced student, the definitions of 
Br0nsted provide the most enlightening classification. 

Acids. — Acids are electrovalent compounds which ionise to form 
hydrogen ion We may represent this definition by the equation 

HA^H+ + A- 

Acid. Hydrogen ion. 

Bases and Alkalis. — ^An alkali is often defined as a substance which 
ionises in aquecras solution to form hydroxyl ion OH^, On this system 
the definition of an alkali is given by 

BOH^OH- + B+ 

Base. Hydroxyl ion. 

The definition of a base is, however, much wider in scope, and a 
base may be properly defined as a substance which combines with 

180 
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hydrogen ion or a proton-acceptor. This definition includes all types 
of base. Thus alkalis are included 

B.OH ^ OH- + B+ 

OH- + H+ = H,0. 

and also basic metallic oxides such as copper oxide 
CuO + 2 H+ = Cu++ + HjO. 

Such substances as ammonia or aniline are also covered by this 
definition. 

NHs + H+ = NH 4 + 

Aminoiiia. + Hydrlon. Ammonium ion. 

CsH^NH, + H+ = CeH 5 NH 3 +. 

Aniline. -f Hydrlon. Aniliiiium ion. 

In this definition of a base there is one point which could cause some 
doubt. If a base is a substance which combines with hydrion, then 
such substances as the acetate ion CH3 . COO“ must be regarded as 
bases, for they undoubtedly combine with hydrion, e.g.y 

CH3 . COO- -f ^ CH3 . COOH 

It is to-day generally regarded as reasonable to extend the term base 
to such ions, the behaviour of which is certainly analogous to that of 
ordinary bases, such as ammonia, etc. 

Salts are to be regarded as polar compounds which, when they 
ionise, do not give hydrogen ion as the sole positive product nor 
hydroxyl ion as the sole negative product. Thus copper chloride 
and sodium hydrogen sulphate are both salts. 

[Cu]+“» [ClJa- ^ Cu++ + 2C1-- 

[Na]-^[HS 04 ]~ ^ Na+ + HSO^- ^ Na+ + H+ + SO 4 — 

While the above definitions give the truest notion of the nature 
of acids, bases and salts, it is more usual to define these classes in 
terms which do not involve the ionic theory, and this will be done in 
the sections which follow. 


ACIDS 

158. Historical. — The only acid known to the ancients was vinegar 
(Lat., acetum ; Greek, ofo?, oxos). It was recognised that vinegar, 
unripe fruits, etc., had in common the taste to which we give the 
name sour ’’ (Lat., acidua ; Greek, dfus', oxya). The Greek 
alchemists (c. a.d. 100-800) made great use of vinegar and extended 
the use of the word d^osr till it meant any corrosive liquid. It was 
then natural that when nitric and sulphuric acid (g.v.) were dis- 
covered they should be regarded as sour substances like vinegar, 
i.e., acids. 
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Lavoisier, who knew that most of the oxides of the non-metallic 
elements dissolved in water, forming acids, concluded that all acids 
contained oxygen, and even named oxygen ^ from this property. 

The discovery of the constitution of such acids as hydrochloric 
acid HCl, hydriodic acid HI, hydrocyanic acid HCN, soon made 
this theory untenable, and the modern hydrogen theory of acids 
took its place. 

169 . Definition of an Acid. — A sound definition of an acid is hard 
to find on account of the fact that certain substances act as acid in 
some respects and as bases in others. 

The best definition is perhaps to the effect that an acid is a com- 
pound containing hydrogen, which may be partly or wholly replaced 
by a metal, when a solution of the compound is treated with certain 
metallic oxides or hydroxides, such as those of the alkali metals ; a 
salt and water being the only products. 

Wo may express this definition symbolically by saying that an 
acid is a substance, H,,(X), which undergoes the transformation. 

H„(X) + mNaOH = (X) + n - mH^O 

when it is treated wdth a solution of caustic soda. 

The essential property of an acid is then the replacement of its 
hydrogen by a metal (or electropositive group of atoms). 

160 . Constitution of Acids. — ^AIl acids contain hydrogen, and this 
hydrogen is linked to a comparatively electronegative atom or 
group in such a way as to be readily separated from it. Thus the 
great majority of the reactions of such an acid as sulphuric acid, 
H2SO4, result in the separation of the hydrogen from the =S04 
group. Electrolysis splits up the acid in this way, as also does treat- 
ment with alkalis and metals. Electrolytic dissociation produces 
hydrogen ions and sulphate ions. From these and similar facts it 
may be concluded that acids consist of two readily separable parts, 
hydrogen and an acid radical. These are showm in the list below 
separated by lines representing the valency linkages. 

Acid. Hydrogen — Acid radical. 

Sulphuric acid . . . . . Hg = SO4 

Nitric acid H — • NO3 

Hydrochloric acid H — Cl 

Phosphoric acid . . . . H3 ^ PO4 

Acetic acid H — CgHgOg 

It is then to be concluded from their behaviour towards electro- 
lysis, etc., that acids are electrovalent compounds. 

Tine electronic theory of valency regards acids as compounds in which 
hydrogen is linked to other atoms by electronic valency. We should 

^ oxya, sour ; ynwim, gennao^ I produce. 
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write the formula of hydrochloric acid as H+[C1~] and the formula of 
sulphuric acid os „ ♦ p .-j. * 

:o:V:o: 

* VoV* 


A hydrogen compound which is not an acid, is hold together by 
covalent linkages as h 

H :*c : H 
H 

Methaoe 


and does not undergo the changes associated with the electronic 
linkages (electrolysis, double decomposition, etc.). 

The above statement is, perhaps, only really true when applied to 
acids in iJ^escncc^ of water. Tims anhydrous sulphuric acid is probably 
wdiolly linked by covaloncy and has the formula I, 


HO. .r)r., 

8^ H:0:S:0:H 

ho/ ^-‘O 



1 


n 


but on addition of water the acid assumes the polar formula II, 

The water probably exerts its influence by combining with the hydrogen 
ion, 


yOH 
O / ^OH 


+ 2H,0 = 




O 


X 


O'" 


+ 2(H+.H30). 


It will bo noted that anhydrous sulphuric acid has not the usual 
properties of an acid. 


161. Physical Properties of Acids. — The general properties of 
acids in solution are those of hydrion H+, which is formed by the 
ionic dissociation of all acids. 

Actually in fact the greater part of the hydrion combines with 
water forming H 3 O+ (or H+ . HgO), and it is this hydroxonium ion 
which is referred to when hydrion is spoken of. The formula H+ 
is, however, still commonly used. 


HCl ^ H+ + Cl- 
H2SO4 ^ 2H+ + SOr- 
HCN ^ H+ + CN-. 

Acids, in general, have a sour taste. This is a property of hydrion. 
Strong acids which furnish much hydrion have a very sour taste, 
and as little as one part per million may be detected in this way. 
Such acids, however, as hydrogen sulphide, boric and carbonic acids, 
which are ‘ weak ’ acids, and only dissociate to a very small extent, 
have little or no sour taste. 
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Acids are always, to some extent, soluble in water and usually 
dissolve freely. Their solutions conduct electricity. Solutions of 
strong acids are good conductors for two reasons. They contain a 
large concentration of ions to carry the current, and the hydrion 
produced by them is particularly effective in doing so on account of 
the comparatively high velocity with which it moves through the 
liquid. This high velocity results in a solution of hydrion being 
about six times as conductive as an equivalent solution of any 
other ion. 

The hydrion moves so rapidly, it is thought, because it is present as 
hydroxonium ion H+ . H2O, the proton of which is handed on from one 
water molecule to the next, instead of having to push its way amongst 
the water molecules, as do other ions, 

162. Electrolysis of Acids. — ^When acids carry the electric current 
they are decomposed (Chapter VI.) The hydrions wander to the 
negative pole or cathode and the acid radical ions to the positive pole 
or anode. As they reach these they give up their charges, and free 
hydrogen and acid radical are liberated. 

HX ^ H+ + X- ; H+ + © = H ; X~ = X + ©• 

Secondary reactions usually occur at the anode and sometimes 
at the cathode. 

Reactions at the Cathode, — ^At the cathode the hydrogen atoms 
usually combine and come off as hydrogen gas, 

H + H = H2, 

but occasionally the hydrogen reduces the acid. Thus the electro- 
lysis of nitric acid results in hydrogen, which then reacts with 
more of the acid and forms a variety of products, which may 
include ammonia NH3, hydroxylamine NH2OH, hyponitrous acid 
H2N2O2, nitrogen, nitrous oxide, nitrous acid, etc., as a result of 
such reactions as 

HNO3 + 8H = NH3 + SHgO, 
or HNO3 + 6H = NH2OH + 2H2O, etc. 

Reactions at the Anode, — ^The discharged ion of the acid radical 
may be a single atom, Cl, Br, I or a group, CN, SO4, NO3, CgHjOg, 
etc. 

In the first case the element is produced. 

Cl + Cl == CI2, 

and is* evolved if neither the solution nor anode is attacked by it. 

No group of atoms can function as an acid radical and also exist 
free, for there must be an unsatisfied valency bond to which the 
acidic hydrogen was originally linked. Such groups as SO4, NO3, 



ELECTROLYSIS OF ACIDS 


191 


etc., react with water as soon as they are formed and produce oxygen 
together with the acid, 

SO4- - + H2O - H2SO4 + O 
O + O = O2 f. 

Thus most oxyacids when electrolysed evolve only hydrogen and 
oxygen. Secondary reactions may take place. Thus the acetate 
group when liberated forms ethane and carbon dioxide, 

2C2H3O2 = CgHe + 2COa. 

Other examples of secondary reactions are to be found in § 946. 
If the anode is of a metal readily attacked by reagents, the acid 
radical attacks and dissolves it. 

Thus, if the sulphate group be liberated at a zinc pole, the reaction 


SO4 + Zn = ZnS 04 

takes place and zinc sulphate is formed (cf. § 27). It may be helpful 
to give one or two examples of the electrolysis of acids. 

Electrolysis of Sulj)huric Acid . — ^Hydrogen and oxygen are formed, 
water is decomposed, and sulphuric acid collects round the anode. 

n, SO 4 




Cathode 


SO/ 




Anode 


2H* + 20 


« 2H = H 


.t 


so;’ + 2© = so* 


so, +H,0 . H,S0^ + O 

0^0 . o,t 

Electrolysis of Hydrochloric Acid. Hydrogen and chlorine are 
formed. 



Cathode 


HCl 


U 

h' * cr 


X 


+ 


Anode 


e « H . Cr + © - Cl . 

H t H H> I Cl t Cl - Cl, I 

163. Chemical Properties o! Acids. — ^Few acids react with the 
non-metallic elements ; if any do so it is on account of the oxidising 
properties of the acid radical or uiidissociated acid, as in nitric, 
chromic, sulphuric acids (§§ 743, 930). With certain of the 
metals, however, acids react, forming salts and hydrogen. In 
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general, it may be said that the metals less electropositive than 
hydrogen react with ordinary acids in this way. These include 
the metals lying between and including potassium and tin in the 
electrochemical series (§ 126). The presence of resistant surface 
films of oxide may modify this rule. 

Zn + 2HC1 = ZnClg + H 2 , 

Mg + H 2 SO 4 = MgS04 + Hg. 

Certain oxidising acids, such as nitric acid, react in a different 
manner and form other products (§ 744). 

Acids react with many of the oxides of metals, forming salts and 
water only. Oxides which react in this way are called basic oxides. 
The oxides of the non-metallic elements do not react with acids. 
Thus magnesium oxide and hydrochloric acid yield magnesium 
chloride and water. 

MgO + 2HC1 = MgClg + H 2 O. 

Ferric oxide and sulphuric acid give ferric sulphate and water, 

Fe 203 -f- 3112^^3 ~ 3 H 2 O. 

The equations are easily written if it is remembered that the 
hydrogen of the acid and the oxygen of the oxide together form 
water. 

The hydroxides of the metals are also converted into salts and 
water when heated with acids. Thus sodium hydroxide and acetic 
acid give sodium acetate and water, 

NaOH + C 2 H 4 O 2 = NaC 2 H 302 + HgO, 
and cupric hydroxide and hydrochloric acid give cupric chloride and 
water, 

Cu(OH )2 + 2HC1 = CUCI 2 + 2 H 2 O. 

Acids do not react with each other (unless oxidation or reduction 
takes place, cf. p. 685), but acids react with salts according to the 
general equation, 

HA + BC^HC + BA. 

Thus a solution of an acid will always displace another acid from 
its salts to some extent. Whether the reaction is of practical value 
depends on the extent of the transformation and also on the volatility 
or solubilities of the products. 

If we treat the process by the ionic theory we shall see the conditions 
more clearly. The acid HA will be ionised to some extent and the 
salt, BC, will be completely dissociated. 

(1) HA^H+ + A- 

(2) BO ^B+4-C- 
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The four ions formed will react, forming the acid HO, and the salt BA. 

(3) B+ 4* A-^BA. 

(4) H+ 4* 0-^HO. 

If HA is a strong acid it will form a great deal of hydrion, and this 
will combine with C“ (eq. 4), and form a good deal of the acid HO ; but 
if HA is a weak acid very little hydrion will be formed (eq. 1), and so 
very little of the acid HC will be formed (eq. 4) unless the acid HO is 
removed as fast as it is formed, which may happen if it is insoluble in 
water or unstable or volatile. 

164. Preparation of Acids. — (i.) From an Acid and a Salt, — ^This 
last-mentioned process indicates one of the chief ways of making an 
acid. An acid may be made from its salts by the action of another acid, 
if either the acid to be prejHired or the other reaction products can be 
removed from the reaction mixture by volatilisation or precipitation. 

As a first example we may take the preparation of nitric acid 
(§ 735). When a nitrate is mixed with concentrated sulphuric acid 
the reaction 

H2SO4 + KNO3 ^ KHSO4 + HNO3 

occurs. If the mixture is heated the nitric acid boils off at about 
85® C. and the equilibrium is only restored by more nitrate and acid 
combining. Thus the reaction goes to completion. The nitric acid 
vapour is condensed and the acid obtained in a comparatively pure 
state. 

Acids prepared by methods similar to this include perchloric and 
hydrochloric acids, acetic, formic, hydrocyanic and many other 
organic acids. 

As a second example we may take the preparation of boric acid. 
A solution of sodium diborate (borax) is mixed with strong hydro- 
chloric acid and diboric acid is formed according to the first equation 
below : 

Na2B407 4- 2HC1 ;f=^ + 2NaCl 

H2B4O7 + 5H2O = 4H3BO3 1 

This diboric acid combines with water and forms orthoboric acid, 
which is sparingly soluble in water and crystallises out. 

A third type of method for preparing acids is particularly useful 
for unstable acids. A solution of a salt formed from the acid and a 
metal is treated with another acid which forms an insoluble salt with 
that metal. The salt is filtered off and the acid required remains in 
solution. Thus a solution of barium chlorate may be treated with 
the exact quantity of sulphuric acid required by the equation, 

Ba(C10,)2 + H2SO4 « 2HCIO3 + BaS04 |. 

f.O. 


o 
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The barium sulphate is filtered ofi and chloric acid remains in 
solution. 

(ii.) From Acidic Oxides and Water , — ^Another general method of 
preparing acids is by the action of acidic oxides on water. 

The method is not of very great importance but is used in the 
preparation of carbonic, sulphurous, sulphuric and phosphoric 
acids. 

COg + H^O^HgCOs, 

SO3 + H,0 = H2SO4. 

(iii.) The Action of Halides on Water , — ^Acid chlorides ^ and some 
chlorides of non-metals yield, when treated with water, an oxyacid 
of the element in question and hydrochloric acid. Thus phosphorous 
acid may be made by the action of phosphorus trichloride on water, 
PCI3 + 3H2O == H3PO3 + 3 HC 1 . 


BASES AND ALKALIS 

165. Definitions of Bases and Alkalis. — ^According to the usual 
definition a base is a substance which combines with acids yielding 
a salt and water only. Bases must therefore be compounds of 
metals or electropositive groups with oxygen or hydroxyl (OH), 
Such compounds include : — 

(1) Most metallic oxides : 

MgO + H3SO4 = MgS04 + H2O, 

AgaO + 2HNO3 = 2AgN03 + H^O. 

(2) Nearly all metallic hydroxides : 

NaOH + HCl = NaCl + HgO, 

2A1(0H)3 + 3H2SO4 = Al2(S04)3 + 6H2O, 

2NH4OH + H2SO4 = (NH4)2S04 + 2H2O. 

The basic metallic hydroxides which are soluble in water are termed 
alkalis {v, infra). The majority of such hydroxides are insoluble in 
water and are to be regarded as bases only. 

The modern tendency, exemplified by the work of Bronsted, is 

^ Substanoes obtained when a hydroxyl group present in the covalent form 
of an acid is replaced by chlorine. Thus sulphuric acid H|[S 04 l can also 
exist as SO|(OH)« and by treatment with phosphorus pentachloride the oeuf 
chloride sulphuryl chloride SOgOlg is formed. Treated with water, this 
substance yields sulphuric acid. 
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NHj + HNOa = NH4NO3 
N(CH3), -f HCl = N(CH3)3HC1, 

inclined to extend the definition of the term base to cover the substances 
foraierly known as basic anhydrides which combine with acids to form 
salts but not water (§ 167). 

Alkalis.— AXkeMs are basic hydroxides soluble in water. It follows 
then that all alkalis are bases, but that many bases {e.g,, oxides 
and hydroxides of the * heavy metals ’) are not alkalis. By ionic 
dissociation they yield the OH““ group, hydroxyl ion, and it is to this 
that their common properties are to be attributed. 

NaOH ^ Na+ + OH”, 

Ca(OH)2 ^ Ca+ + + 20H-. 

166. Reaction ol Bases with Water. — The oxides of the alkali 
metals and alkaline earths react vigorously with water, forming the 
hydroxides of these elements. 

Na^O + HgO = 2NaOH, 

CaO + H2O = Ca(OH)2. 

The majority of metallic oxides are, however, only very slightly 
soluble in water, and in so far as they dissolve they appear to form 
hydroxides (see above). 

167. Reaction of Acids and Bases — Neutralisation. — The reaction 
between basic oxides and acids is probably not ionic but takes place 
between the oxide and the undissociated acid molecules, i.e., 

CuO + 2HC1 = CuClj + H2O ^ Cu+ + + H2O + 2C1- 
not CuO + 2H+ + 2C1- = Cu+ + + H2O + 201“. 

In all cases a salt and water is formed. The reactions are some- 
times very slow, particularly with such oxides as those of iron 
chromiuih and aluminium. 

When an acid combines with an alkali, both being in solution, the 
reaction is almost instantaneous. 

Since in dilute solution strong acids and alkalis are wholly 
ionised, and since the characteristic properties of acids and alkalis 
are due to hydrion and hydroxyl ion respectively, it is only these 
ions which take part in the reaction. Thus the reaction we ordinarily 
write as 

NaOH + HCl « NaCl + HgO 

is really 

Na+ + OH- + H+ + Cl- =» Na+ + Cl- + 
or OH- -f H+ =« H2O. 

Now, if we had substituted in our argument any other alkali or acid 
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for caustic soda and hydrochloric acid, we should still find that the 
equation came finally to the same 

OH- + H+ == H 2 O. 

The hydroxyl and hydrogen ions combine and form water, 
while the ions of the acidic and basic radicals simply remain in 
solution. 

This view of neutralisation is supported by the fact that when an 
equivalent of any well-diluted strong acid neutralises an equivalent 
of any strong base, 13,700 calories of heat are produced. 

Now it is well known that different reactions produce different 
quantities of heat (§ 27), and we must conclude that all neutralisa- 
tions of acids by alkalis are the same reaction, t.e., 

H+ + OH- = HgO + 13,700 cals. 

The matter is further discussed in § 117. 

168. General Properties of Bases and Alkalis. — The alkalis ire, 
of course, soluble in water. They have a peculiar soapy taste, and 
the strongest alkalis have a slippery feeling when rubbed between 
the fingers. 

Their solutions are, for the most part, highly dissociated, the 
exception being ammonia, which is a weak base. They ionise to 
a metallic radical and hydroxyl ion. 

NaOH^Na+ + OH- 
NH 40 Hi=^NH 4 + + 0H- 

When alkalis are electrolysed the electropositive ion travels to 
the cathode and is there discharged, forming the free metallic atom 
or electropositive group, while the hydroxyl ion is discharged at 
6ie anode, forming free OH. Secondary reactions then occur. 

Reactions at Cathode , — The metal will not deposit as such, for all 
metals which form soluble hydroxides also react with water. Thus 
at the cathode the metal liberated reacts with water, forming the 
hydroxide and hydrogen, 

Na + HgO = NaOH + H 
H + H = H^f. 

RecLction at Anode, — kt the anode the hydroxyl group reacts with 
itself, forming oxygen and water. 

OH + OH = H 2 O + 0 

O + 0 = o,t. 
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Thus oxygen and hydrogen are the only products and the alkali 
accumulates round the cathode. 

As an example we may take the electrolysis of barium hydroxide 
solution. 

Ba (OH), 

jr 

Ba*+ ♦ 2 OH" 

Cathode Anode 

+ 20 = Ba 20H" + 20 = 20H 

Ba + 2H,0 “ Ba(OH), + H,! 20 H - O + O 

O + O - O* t 

The electrolysis of fused alkalis, water not being present, results 
in the production of the metal (§ 223). 

The reactions between bases and acids have already been dis- 
cussed (§ 167). 

Alkalis and salts react together by double decompositions of the 
type: 

MOH + AB ^ AOH + MB. 

If either AOH, the newly-formed base, or MB, the newly-formed 
salt, are either sparingly soluble or volatile the products may be 
isolated. All metallic hydroxides are insoluble in water except 
those of the alkali metals, alkaline earths and thallium, and, accord- 
ingly, on mixing a solution of an alkali with a solution of a salt of 
one of the heavy metals a precipitate of the hydroxide of the metal 
is obtained. Thus copper sulphate, 

CUSO4 + 2KOH = + Cu(OH) 2|, 

or Cu++ + 20H- = Cu(OH) 2, 

and potassium hydroxide give, potassium sulphate and copper 
hydroxide. Occasionally the oxide is obtained where the hydroxide 
is unstable (§§ 306, 329, 443). 

None of the hydroxides is volatile, but ammonium hydroxide is 
unstable ; and consequently when an ammonium salt is heated 
with an alkali ammonia gas is formed (§ 691). 

169. Preparation of Alkalis and Bases. — ^Alkalis are, in general, 
made : — 

(1) By the action of water on the oxides of the alkali metals 
(sodium, potassium, etc.), or of the metals of the alkaline earths 
(calcium, strontium, barium), 

Na^O + HgO = 2NaOH 
BaO + HaO = Ba(OH)2. 

(2) By the action of water on the metals of the above classes. The 
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metals are often formed by electrolysis and at once allowed to 
decompose water, cf. § 230. 

2K + 2H2O = 2KOH + Hjs 
Ca + 2H2O = Ca(OH)2 + Hg. 

(3) By double decomposition. Thus sodium hydroxide may be 
made by the action of sodium carbonate on calcium hydroxide. 

NaaCOs + Ca(OH)a ^ CaCOa | + 2NaOH. 

The removal of the insoluble calcium carbonate by precipitation 
causes the reaction to complete itself. 

The methods are more fully discussed under the heading of the 
individual alkalis. 

SALTS 

170. Definition and Constitution of Salts. — The term salt (Latin 
saly Greek dAs*, hale) was in ancient times applied to common salt. 
The term was extended in the Middle Ages to substances resembling 
common salt in appearance, solubility, etc. (e.g., potassium nitrate, 
ammonium chloride). 

From the point of view of the chemist a salt is a compound formed 
from an acid by replacement of a part or the whole of its hydrogen by 
a metal or basic radical. 

A salt, then, consists of a metallic or basic radical linked by polar 
valency to an acidic radical. Most true salts are wholly dissociated 
into ions in solution, and these ions consist of the acidic and basic 
radicals with a negative and positive charge respectively ; the charge 
on each ion being a number of electrons equal to its valency. 

The structure of the molecules of salts is discussed in §§ 103, 153, 
156. 

171. Types of Salt. — ^Three chief types of salts are distinguished, 
normal salts, acid sails and basic salts. 

Normal salts contain neither replaceable hydrogen nor replaceable 
oxygen or hydroxyl. When a normal salt is formed all the replace- 
able hydrogen of the acid combines with all the replaceable oxygen 
or hydroxyl of the base. Thus copper sulphate CUSO4 is a normal 
salt, as also are the salts numbered 1, 2, and 5 in the list given 
below. 

Acid salts contain replaceable l^ydrogen and are formed when a 
polybasic acid reacts with a quantity of a base insufficient to replace 
the whole of the replaceable hydrogen. 

Sodium hydrogen sulphate NaHS04 is an acid salt, as are also 
sodium bicarbonate NaHCOa, calcium tetrahydrogen phosphate 
CaH4(P04)2, etc. They have the properties of salts in addition to 
those of acids. 
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Basic salts contain oxygen or hydroxyl, which is replaceable by an 
acid radical, a normal salt being formed. Thus bismuth oxychloride 
BiOCl is a basic salt, for with hydrochloric acid it forms bismuth 
trichloride, 

BiOCl + 2HC1 ^ BiClg + H2O. 

A great many so-called basic salts are merely mixtures of 
hydroxides and normal salts, as is shown by their variable com- 
position (§ 567). 

The following table illustrates the connection between certain 
acids, bases and salts, and the ions formed from the latter : — 


! 

Formed from 

Tons formed by Salt. 

Salt. 

Acid. 

Bases. 

Electro- 

positive. 

Electro- 

negative. 

1. Sodium chloride NaCl 

HCl 

NaOH, Na,0 

Na+ 

cr 

2. Calcium nitrate Ca(NO,), . 

HNO, 

Ca(OH)„ CaO 

Ca'*’'^ 

NO," NO," 

3. Copper sulphate CuSO^ 

H,SO* 

Cu(OH)„CuO 

Cu+ + 

SO, — 

4. Di-sodium hydrogen phosphate | 
NajFlPO, . 

H,P 04 

NaOH, Na,0 

Na'^, Na+ 

HPO,"" (PO, ) 

5. Ammonium chloride 1 ^H 4 C 1 

HCl 

NH 4 OH 

NH 4 + 

cr 

6 . Uranyl nitrate XJO,(NOt), 

HNO, 

UO,(OH)„UO, 

UO,’*"*’ 

NO,", NO,^ 


Double and Complex Salts . — ^Two or more salts often combine, 
forming what is called a double or complex salt. The term double 
salt is often applied to such of these as have a well-defined and dis- 
tinctive crystalline form and other physical properties, but in 
general behave chemically like a mixture of the two constituent 
salts. Their formulae are commonly written as if the molecules of 
the two salts combined as wholes, e.g . : — 

Alum, potassium aluminium sulphate, K2SO4 . Al2(S04)3 . 24HaO. 

Ferrous ammonium sulphate, FeS04 . (NH4)2S04 . GHgO. 

But though this may sometimes be the case, it is usual for one salt 
to form a complex anion. Thus the above formulae are probably 
better written as 

Potassium aluminisulphate, K[A1(S04)2] . I2H2O, 

Ammonium ferrosulphate, (NH4)2[Fe(S04)2].6H20. 

The term complex salt is applied to compounds of two salts of 
which the solutions contain a notable proportion of the complex ion. 
Alum forms some Al(S04)a’" when it dissolves, but this is almost 
wholly broken up into A1+ + + and 804"" ions. Such a salt as 
potassium ferrooyanide, on the other hand, behaves very differently. 
Its formula, K4Fe(CN)e, might be written 4K(3N,Fe(CN)a, i.c., as 
potassium ferrous cyanide ; but, in fact, such a formula would be 
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quite misleading, for it has none of the typical properties of the 
cyanides (hydrolysis to alkalis and hydrocyanic acid, poisonous 
properties, etc.). Actually, when it ionises it forms 4K+ and 
[Pe(CN)e] not 4K+, Fe+ + and 6CN-. 

There are, however, salts intermediate between the extreme cases 
outlined above. Thus, for example, potassium cadmicyanide 
K 2 Cd(CN )4 gives both cadmicyanide ions, cadmiiun ions and cyanide 
ions : 

K,Cd{CN)4 ^ 2K+ 4- Cd(CN)r'^ ^ 2K+ -f Cd++ + 40N- 

The characterisation of a salt as double, complex or intermediate 
depends simply on equilibria such as the above. 

The equilibrium constant of the reaction between the complex ion 
and its components is called the stability constant of the salt. Double 
salts have a low stability constant, complex salts a high one. 

Thus in the above case 

[Cd(CN)4“- ^ Cd++ + 4CN- 
and by the law of mass action (§ 110) 

^ ~ I j 4 * stability constant. 

172. Methods ol Preparing Salts. — The methods used to prepare 
salts are : — 

(i.) The action of an acid upon a base. 

(ii.) The action of an acid upon a metal. 

(iii.) Double decomposition of an acid and a salt. 

(iv.) Double decomposition of two salts. 

(v.) Direct union of the elements concerned. 

(i.) Action of an Acid on a Base . — ^Most soluble salts can be con- 
veniently prepared by this method. If the base concerned is 
soluble, t.c., an alkali, the acid is neutralised by it, the progress of 
the reaction being indicated by the use of litmus or some such 
indicator. Examples of such reactions are to be found in § 243. 

This method is much used for preparing sodium and potassium 
salts. 

If the base used is insoluble in water an excess of the base is added 
to the acid and the mixture is heated. When reaction has ceased 
the excess of base is filtered off and the filtrate evaporated and 
crystallised. This method is suitable for the preparation of the 
soluble salts of most of the metals. Either the oxide or hydroxide 
of the metal may be used ; the latter is always more readily 
attacked but is less commonly available, since many hydroxides are 
unstable. 

(ii.) The Action of an Acid on a Metal . — ^If an acid reacts with a 
metal it usually gives a salt and hydrogen (but see §§ 126, 744). The 
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method is often used on the commercial scale for preparing nitrates, 
chlorides and sulphates, but in the laboratory method (i) is found 
more convenient on account of the comparative slowness of the 
reaction between metals and acids as compared with the reactions 
of acids and bases. 

(iii.) Double Decomposition . — ^Double decomposition taking place 
between an acid and a salt of a metal will yield the salt of the 
acid and metal if one of the products can be removed from the 
reaction mixture. 

Thus sodium hydrogen sulphate can be made from sodium chloride 
and concentrated sulphuric acid, 

NaCl + H2SO4 ^ NaHS04 + HCl f, 
because the hydrogen chloride passes off as a gas and equilibrium is 
not attained till all the reacting substances are transformed. 

We can make sodium chloride from sodium hydrogen sulphate 
and hydrochloric acid if we add a large excess of concentrated 
hydrochloric acid to saturated sodium hydrogen sulphate solution. 
Sodium chloride is sparingly soluble in strong hydrochloric acid 
(§§ 118 , 249 ), and is precipitated and can be filtered off and dried. 

NaHS04 + HCl ^ NaCl | + H2SO4. 

It follows then that we can make the salt of a less volatile acid 
(sulphate, phosphate, etc.) by treating the salt of a more volatile 
acid (nitrate, acetate, carbonate, sulphide, etc.) with the less volatile 
acid. 

A good many salts are made in this way from the carbonates of the 
metals. Thus calcium carbonate treated with nitric acid gives 
calcium nitrate, carbon dioxide and water. 

CaCOg + 2HNO3 = Ca(N03)2 + HgO + COgf. 

Insoluble or sparingly soluble salts can also be made by the action of 
the acid on a soluble salt of the metal. Thus silver chloride is 
readily made by the action of hydrochloric acid on silver nitrate. 

AgNOg + HCl == AgCl I + HNO3. 

(iv.) Double Decomposition of Two Salts . — ^Any two salts when 
mixed in solution undergo double decomposition to some extent. 

AB + CD ^ AD + CB. 

Unless, however, one product is perceptibly less soluble than the 
other product and than the reacting salts, the method is not useful. 

The method is greatly used for preparing insoluble salts. Thus 
on mixing a solution of a lead salt, say lead nitrate, and a sulphate, 
say sodium sulphate, insoluble lead sulphate is precipitated, 

Pb(N 03)2 + Na 2 S 04 = PbS 04 \ + 2 NaN 03 . 
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In actual fact the reaction takes place between the ions, and the 
equation is 

Pb+ + + 2N03“ + 2Na+ + SO4- - = PbS04 | + 2Na+ + 2N03-" 
which simplifies to 

Pb+ + + S04“- = PbS04|. 

The only chemical reaction which takes place is the combination 
of the lead ion and sulphate ion forming lead sulphate. This is 
instantly precipitated and the lead ion and sulphate ion continue 
to combine till only the very minute amount remains which is in 
equilibrium with the small quantity of the solid lead sulphate which 
can remain 

Pb+ + + SO4- - ^ PbS04 ^ PbS04 

Solution. Solid. 

dissolved (<0 03 gm. per litre). 

The question of precipitation of insoluble salts is further discussed 
in § 119. 

Occasionally a soluble salt is made by this method. Thus wo may 
prepare copper formate by mixing equivalent quantities of solutions 
of copper sulphate and barium formate. The insoluble 

CUSO4 + Ba(H . COO)2 = Cu(H . COO)^ + BaS04 1 
barium sulphate would be precipitated and filtered off, leaving 
copper formate in solution. 

(v.) Direct Union of the Elements, — Direct union of the elements 
is often used in the preparation of chlorides and occasionally of 
bromides, iodides and sulphides. 

Ferric chloride is prepared by passing chlorine over heated iron 
(§ 1170). 

2Fe + 3CI2 == 2FeCl3, 

and mercuric sulphide by grinding mercury with sulphur, 

Hg + S = HgS. 

178. General Properties of Salts. — Salts are always solids at 
room temperature. Stannic chloride (§ 622) may, perhaps, be 
regarded as an exception, though in many respects it does not 
appear to be a true salt. They usually crystallise well, often with 
much water of crystallisation. Salts have, as a rule, high boiling 
points. 

When dissolved in water solutions of salts are ionised and accord- 
ingly conduct electricity and manifest the various properties 
associated with ionisation and set but in § 116. 

In their chemical reactions, like other electrovalent compounds, 
they readily undergo double decomposition. In consequence of 
their dissociation in solution their properties are largely additive. 
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174. Additive Properties of Salts, also Acids and Bases. — The 

properties of salts are in general additive. They have a set of pro- 
perties corresponding to the acid radical and another set corre- 
sponding to the basic radical, and but few constitutive properties 
characteristic of the salt itself. This is very noticeable when the 
properties of solutions of salts are under consideration, for in dilute 
solution the undissociated salt is only present to a small extent, 
and in any case the reactions which characterise it are chiefly 
those of the ions. In the solid state this additive character is 
very noticeable also, but applies more to chemical than to physical 
properties. Taking as an example, copper sulphate (p. 301) we 
find its properties falling into three groups : — 

( 1 ) A small group of properties characteristic of copper sulphate 
alone, e.^., density, solubility and other physical properties, forma- 
tion of hydrates, CUSO 4 . 5 H 2 P, etc. 

(2) A group of properties characteristic of copper salts in general, 

Blue colour of solution. Poisonous properties. 

Precipitates of insoluble copper compounds formed with 
ammonia, sodium carbonate, hydrogen sulphide, potassium 
ferrocyanide, etc. 

Reduction to copper by strong reducing agents. 

Reduction to cuprous oxide by glucose. 

Liberation of iodine and precipitation of cuprous iodide when 
treated with potassium iodide. 

Deposition of copper at the cathode on electrolysis. 

(3) A group of properties characteristic of sulphates. These 
include : 

Decomposition to an oxide and sulphur trioxide when heated. 

Precipitate given with barium and lead salts. 

It is then possible to predict the properties of a salt from the 
properties of the acidic and basic radicals which compose it, and 
this fact makes it comparatively easy to acquire a knowledge of the 
properties of a salt. 

Suppose that twenty acids and forty metals are to be studied. 
These will form eight hundred salts. Owing to this additive 
character of their properties it is only necessary to know the sixty 
sets of properties corresponding to the acidic and metallic radicals 
and not the whole eight hundred sets of properties corresponding to 
the salts. In the later part of this book the characteristic proper- 
ties of each set of salts are given under the respective acid or metal, 
while under the heading of the individual salt are given only its own 
specific properties, commercial uses, etc. 

The possibility of a reasonably rapid qualitative analysis depends 
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on this additive behaviour of salts. If we had to test separately 
for each of the very large number of salts the process of identifying 
a substance as a particular salt would be extremely lengthy. It 
is, however, only necessary to apply tests for the two radicals or 
ions derived from the salt. 

175. Basicity of Acids and Acidity of Bases. — In §§ 159, 160 it 
was apparent that acids frequently contained more than one 
replaceable hydrogen atom in their molecule. The number of 
replaceable hydrogen atoms in an acid is called its basicity, and acids 
are spoken of as monobasic, dibasic, etc. Thus we may give as 
examples : — 

Mtynohasic Acids, — ^Hydrochloric acid HCl, nitric acid HNO3, 
acetic acid H . CgHgOg. 

Dibasic Acids. — Sulphuric acid H 2 SO 4 , carbonic acid H 2 CO 3 , 
oxalic acid H 2 C 2 O 4 . 

Tribasic Acids. — Phosphoric acid H3PO4, Orthoboric acid, 
H3BO3. 

Tetrabasic Acids. — Orthosilicic acid H 4 Si 04 . No definite and 
stable tetrabasic acids, or acids of higher basicity, other than 
organic compounds, are known. 

Bases may contain more than one hydroxyl group (—OH) per 
atom of metal or more than one oxygen atom per two atoms of 
metal. The number of hydrogen atoms with w'hich one molecule 
of a base reacts when it combines with an acid, is known as the 
acidity of a base. In the case of a hydroxide this number is equal 
to the number of hydroxyl groups in the molecule ; and in the 
case of an oxide to half the number of oxygen atoms in the molecule. 
As examples we may take : — 

Manacid Boses.— Sodium hydroxide NaOH, cuprous oxide 
CugO, (Ammonia NH3). 

Di-a^id Bases. — Barium hydroxide Ba(OH) 2 , lead oxide PbO. 

Tri-acid Bases. — ^Aluminium hydroxide Al(OH) 3 , ferric oxide 

S' e203. 

Tetracid Bases. — Stannic hydroxide Sn(OH) 4 , lead dioxide PbOg. 

No true pentacid or hexacid bases are known. Thus uranium 
trioxide UO3 does not form salts such as UCI3, but rather UO 2 CI 2 , 
only one of the oxygen atoms being replaceable. It is therefore a 
di-acid base. 

176. Equivalents of Acids and Bases. — ^The equivalents of acids 
and bases are defined in the same manner as the equivalents of 
elements. The equivalent of an acid is the quantity by weight 
which will react with the equivalent of a metal. Now the equiva- 
lent of a metal (§ 34) is the quantity which will replace 1*008 parts 
by weight of hydrogen. The equivalent of an acid is, therefore, the 
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number of parts by weight of the acid which contains 1*008 parts by 
weight of replaceable hydrogen. 

In the molecular weight of an acid a hydrogen atom is reckoned 
as one part by weight ; thus the equivalent of an acid is its molecular 


Name of Acid. 

Formula of 

Molecular 
Weight 
of Acid. 

Equivalent. 

Acid. 

Normal Sodium Salt. 

Hydrochloric acid 

HCl 

NaCl 

36*46 

36*46 

Sulphuric acid 

H2SO4 

Na2S04 

98 

49 

Phosphoric acid . 

H,P 04 

Na 3 P 04 

98 

32*67 

Acetic acid 

C,H 40 , 

NaCgHjOa 


60 

Tartaric acid 

C 4 H. 0 , 

Na2C4H40e 

160 

76 


weight divided by the number of replaceable hydrogen atoms 
contained in its molecule. 

The equivalent of a base is the number of parts by weight of it which 
combines with 1*008 parts by weight of replaceable hydrogen forming a 
salt and water. 

One hydroxyl group reacts with one hydrogen atom, 

NaOH + HCl = NaCl + HgO 
Ba(OH)2 + 2HC1 = BaClg + 2H2O, 
and one oxygen atom reacts with two hydrogen atoms, 

Ag^O + 2HNO3 = 2AgN03 + H2O, 

CuO + 2HC1 = CuClg + HgO, 

AI2O3 + 6HC1 == 2AICI3 + 3H2O. 

It follows that the equivalent of a basic hydroxide is its molecular 
weight divided by the number of hydroxyl groups, and the equiva- 
lent of a basic oxide is its molecular weight divided by twice the 
number of oxygen atoms contained in its molecule. 


Name of Base. 

Formula of 

Molecular 
Weight 
of Base. 

Equivalent. 

Base. 

Normal Salt. 

Sodium oxide. 

NagO 

NaCl 

62 

31 

Sodium hydroxide . 

NaOH 

NaCl 

40 

40 

Copper oxide . 

CuO 

CuCl* 

1 79*6 

39*8 

Calcium hydroxide . 

Ca{OH )8 

CaCl, 

74 

37 

Ferric oxide . 

FejO, 

FeCl, 

! 160 

26*67 

Uranium trioxide . 

UO. 

UO,Cl, 

285 

142*5 
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One equivalent of any acid reacts with one equivalent of any base 
to form a normal salt. This fact is much used in volumetric 
analysis. The standard solutions in volumetric analysis are made 
up as a rule to a whole number of equivalents or a simple sub- 
multiple or multiple of a gram-equivalent of the reagent per litre of 
solution. 

A normal solution of a reagent contains one gram-equivalent per 
litre and, consequently, if two normal solutions react, equal volumes 
of each are required to complete the reaction. 

A few examples of calculations based on the idea of equivalents 
are appended. 


(1) Twenty cubic centimetres of a solution containing 24 gms, of an acid 
per litre were neutralised by 11 c.c. of a solution of an alkali of strength 
0*76 normal. Find the equivalent of the acid, 

A litre of the alkaline solution contained 0*75 gm. -equivalent. 


17 c.c. contained 


0*76 X 17 

1,000 


equivalents. 


This quantity reacted with 20 c.c. of acid solution. 

0*75 X 17 

20 c.c. acid solution contains — - — equivalents of acid. 


.*. 1,000 c.c. acid solution contains 


1,000 

0-75 X 17 X 1,000 


1,000 X 20 

But this volume of acid solution contains 24 gms. of acid. 
0-75 X 17 


equivalents. 


20 

1 equivalent = 


equivalents == 24-0. 
24 X 20 


17 X 0*76 


= 37-65. 

(2) What weight of sulphuric acid mil he enough to dissolve the copper 
ooMe (CuO) formed by heating 10 gms, of copper in air ? 

One equivalent of copper produces one equivalent of copper oxide, 
which reacts with one equivalent of sulphuric acid. In CuO copper is 

, . , , . • 1 X r atomic wt. 63-6 

bivalent. An equivalent of copper == ; == . 

valency 2 

98 

One equivalent of sulphuric acid H 2 SO 4 is — . 


63*6 98 

/. The oxide from gms. Cu is neutralised by ~ gms. H 3 SO 4 , and 
2 2 

98 X 10 X 2 

oxide from 10 gms. Cu is neutralised by — ^ • gms. H 2 SO 4 . 

2 X 63*6 

16*41 gms. of sulphuric acid would react with the oxide produced 
from 10 gms. of copper. 
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177. Hydrogen and the Periodic Table. — ^The element, hydrogen, 
is sometimes placed in the first group of the periodic table together 
with the alkali metals, lithium, sodium, potassium, rubidium and 

csesium. 


Group I. A, 
(Hydrogen.) 

Group 7. B. 

Lithium. 

Sodium. 

Potassium. 

Copper. 

Rubidium. 

Silver, 

Caesium. 

Gold. 

{Element 87.) 



The element hydrogen is, however, not necessarily classified with 
the alkali metals, for in the type of periodic table shown on pp. 153, 
154, it could be placed at the head of any of the other groups with- 
out disturbing the regular sequence of atomic weights and atomic 
numbers (as indicated by atomic structure). The atomic structure 
of hydrogen is so far different from that of any other element that it 
does not fall naturally into any group of the periodic table. It is, 
however, more suitably classified with the alkali metals than with 
any other set of elements. 

In the first place, hydrogen has a valency of one, which is the 
group-valency of the first and seventh groups, the alkali metals and 
the halogens. In its physical characteristics it resembles perhaps 
the latter group rather than the former, but the extreme lightness 
and smallness of its molecule as compared with those of other 
elements render comparisons of its physical properties of little value. 

In chemical properties hydrogen resembles the alkali metals in 
the following respects : — 

(1) It has a strong affinity for the non-metals and negligible 
aflMty for the metals. In this respect it differs completely from 
the halogens. Hydrogen is electropositive in character while the 
halogens are electronegative* 


S07 
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(2) Some of its compounds with non-metals and non-metallic 
grouping are electrolytes. These compounds are known as acids 
and are analogous in most respects to the salts formed by the 
union of metallic and non-metallic atoms and groupings. Thus 
HCl, hydrogen chloride, has, in a great number of its properties,^ a 
strong resemblance to NaCl sodium chloride. 

The analogy of hydrogen to the halogens rests on little else than 
their common univalent character. The fact that chlorine can 
replace hydrogen in such a compound as ethane CaHg, atom by 
atom forming such compounds as C2H5CI, C2H4CI2, C2H3CI3, . . . 
CgClg without producing any fundamental change in the character of 
these compounds has been adduced as evidence of a resemblance 
between hydrogen and the halogens. This argument is not without 
force, and it will be seen that the atomic structure of hydrogen bears 
a resemblance to that of both the alkali metals and the halogen. 

The structure of the hydrogen atom is very simple (p. 169), for its 
atom consists only of a single outer electron and a nucleus consisting of 
a single proton. The alkali metal type is a nucleus, one or more com- 
plete “ sets ” of electrons and a single outer valency electrons. The 
halogen type is a nucleus, one or more complete sets of electrons and 
an outer set of seven electrons. 

The resemblance of the hydrogen atom to that of an alkali metal is 
clearer than its resemblance to that of a halogen. 

Hydrogen can combine in two ways. If it forms a polar compound, 
an acid, it loses its single outer electron, which is taken up by the acid 
radical. Thus the process of foiming hydrogen bromide from hydrogen 
Hydrogen bromide. Sodium bromide. 

r Br - 1 -r H “ 1 + r Br 1-r Na 1 + 
L2.8.I8.8J LnoelectronJ 12 . 8 . 18 . 8 j 12 . 8 . J 
and bromine is the same as that of forming sodium bromide from 
sodium and bromine. 

When, however, hydrogen forms a covalent compound, e.(jr., CH 4 it 
shares electrons with the atom with which it combines (§ 154) so that 
in effect it gains an electron, and in this behaviour it is analogous to the 
halogens. 

Hydrogen, in fact, differs from all other elements in that by losing an 
electron it reaches a stable structure and by gaining an electron it also 
reaches a stable structure (He type). It h 6 is, therefore, analogies to 
both the first and seventh groups. 

178. Discovery of Hydrogen. — ^The first mention of a gas evolved 
by the action of acids on metals was made by Paracelsus in the 
sixteenth century. ^The gas produced in this way was later known 
as “ inflammable air,’’ but was confused at first with carbon mon- 
oxide, hydrogen sulphide, etc. Henry Cavendish, in 1766 , was the 
first to describe its properties and characterise it as a definite 

^ Conductivity, behaviour on electrolysis, reaction with AgNO„ Pb(NOa)g, 
etc. 
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substance. The gas was also known as phlogisticated air and even 
identified with phlogiston itself, the imaginary principle of combusti- 
bility (§ 9). In 1783 the name hydrogen was given to the gas by 
Lavoisier. 

Cavendish, in 1781, proved conclusively that water was the only 
product of the combustion of hydrogen and oxygen, a matter 
further discussed in § 196. 

179. Occurrence. — Hydrogen occurs in the gases evolved from 
certain volcanoes, and forms about one hundred-thousandth part 
of the lower atmosphere. The upper atmosphere certainly contains 
a much greater proportion of gas. Hydrogen also exists in the 
free state in the atmosphere of the sun. 

Combined hydrogen exists in enormous quantity in water, of 
which it forms one-ninth part by weight, and in smaller quantities 



in naturally-occurring petroleum, coal, methane, hydrogen sulphide, 
etc. Almost all organic compounds contain a proportion of 
hydrogen, varying from 25 per cent, to 1 per cent, or even less. 

180. Pireparation and Manufacture of Hydrogen. — ^The methods 
used to prepare hydrogen are of three main types : — 

(1) The electrolysis of solutions. 

(2) The displacement of hydrogen from its compounds by reaction 
with a more electropositive element. 

(3) Thermal decomposition of compounds containing hydrogen. 

181. Preparation of Hydrogen by Electrolysis. — ^Pure water cannot 
be electrolysed, for it is so slightly ionised that it is almost a 
non-conductor. It is, however, possible to electrolyse a solution 
of a substance, the products of the decomposition of which react 
with water in such a way as to convert it into oxygen and 
hydrogen. 

On electrolysing the solution of any acid, base or salt the positively 
charged ion passes to the cathode connected to the negative pole of 
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the source of electricity. The positive ions present in a solution of 
an acid are hydrion H+ ; in a solution of an alkali or salt they are 
the ions of a metal, say, M++. The electrolysis of a solution of an 
acid will then bring hydrogen ions to the cathode, where they will be 
converted into hydrogen by combination with negative electrons, 

H+ + © = H 
H + H = 

The electrolysis of a solution of a base will liberate the metal 
M++ + 2 0 = M, 

and this, if a good deal more electropositive than hydrogen, may then 
react with water, liberating hydrogen, 

M + 2H2O - M(0H)2 + 

If the metal is either less or not much more electropositive than 
hydrogen it will not react with the water present and will be 
deposited in the metallic form. Consequently the electrolysis of 
solutions of acids and of compounds of the more electropositive metals 
(e.^., the alkali metals, alkaline^earth metals and magnesium) will yield 
hydrogen, 

(1) Electrolysis of Dilute ' Sulphuric Acid, — ^This method of pre- 
paring hydrogen is slow, for we know that to obtain one equivalent 
of hydrogen (11*2 litres at N.T.P.) we require 96,494 coulombs of 
electricity, i,e,, a current of about 2-25 amperes continuing for 
twelve hours. The forms of laboratory apparatus used for the 
demonstration of the electrolysis of water have a comparatively high 
resistance due to the small size of the electrodes and their distance 
apart and consequently it is difficult to make more than some 60 c.c. 
of hydrogen per hour in this way. The Bunsen voltameter (Fig. 61) 
gives a better supply of pure hydrogen. The electrode at which the 
hydrogen is to be evolved is of platinum, but the oxygen electrode 
is of zinc amalgam with which the sulphate group combines as 
soon as formed, and consequently, no oxygen is evolved. 

Hydrogen has been made on the commercial scale by the electro- 
lysis of dilute acid, using large lead electrodes, but the process has 
not proved very successful. When dilute sulphuric acid is electro- 
lysed the net result of the process is not the decomposition of the 
acid, but only that of the water. 

Sulphuric acid dissociates. 

H2SO4 ^ 2H+ + SOr “• 

The attraction of the charged anode and cathode causes these ions 
to wander to them, gain or lose electrons, and be discharged. 



PEEPARATION OP HYDROGEN 211 

At the cathode H+ @ = H 

H + H ==Hat 

At the anode SO4 = SO4 + 20 

SO4 + H2O = H2SO4 + O 

O + O = o^t 

The sulphuric acid is regenerated and the net result of the electro- 
lysis is 

2H2O = 2H2 + O-^ 

The gas obtained in this way may contain traces of volatile 
impurities, especially arsine AsHg, derived from the action of the 
hydrogen on traces of arsenic often present in sulphuric acid. 

(2) EUctrolysie of Alkalis. — ^A very pure hydrogen is obtained by 
electrolysing alkalis. Barium hydroxide Ba(OH)2 is used, since its 
solutions are always free from carbonates (§ 394). 

The method was employed by Noyes for making the hydrogen 
for his very accurate determination of the atomic weight of hydrogen, 
and is further described on p. 72. 

The reactions are : — 

Ba(0H)2 ^ Ba++ + 20H- 
At the cathode Ba++ + 20 = Ba 

Ba + 2H2O = Ba(OH)2 + Hg f 
At the anode 20H“ = 20H + 20 

20H = H2O + O 
0 + 0=02. 

The net result being 

2H2O = 2H2 + O2. 

The gas obtained in this way is almost pure but not dry. The drying 
of hydrogen is best done by passing it over anhydrous calcium 
chloride, followed by phosphorus pentoxide, for the gas reduces 
sulphuric acid to a very slight extent, forming sulphur dioxide. 
Hydrogen has also been purified by freezing out all impurities with 
liquid air, for with the exception of helium, neon and hydrogen 
all gases condense to liquids at the low temperature of boiling 
liquid air. 

(3) Commercial Preparation of Hydrogen by Electrolysis. — Sodium 
chloride solution is electrolysed on the large scale in the manufac- 
ture of caustic soda (§ 230). Sodium is liberated and combines at 
once with the water present, giving caustic soda and hydrogen, 

2Na + 2H2O « 2NaOH + H,. 

PS 
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The gas produced by this process furnishes most of the hydrogen 
sold. 

182. Preparation of Hydrogen by Displacement from Water. — The 

Action of Metals on Water, — ^Water is decomposed in the cold by the 
alkali metals, by calcium, strontium, barium, and to a minor extent 
by thallium and magnesium and by the aluminium-mercury couple. 

(1) Action of Metals on Cold Water, — Sodium may be used in the 
laboratory to make hydrogen. Its action on water is very vigorous 
and may be exceedingly dangerous (see § 224), and is therefore 
hardly a practical method. The action of steam on sodium has 
been used to furnish very pure hydrogen. 

2H2O + 2Na = 2NaOH + H^. 

If it is desired to collect hydrogen from the reaction of sodium and 

water, the metal, in pieces not larger 
than a pea, may be held under water 
with a wire gauze spoon (Fig. 62), or 
pressed into a lead tube and immersed 
beneath an inverted jar of water. 
Alloys of lead and sodium have been 
used and also sodium amalgam (§ 437). 
These alloys react with water without 
undue violence. The action of potas- 
sium on water is inconveniently violent. 
Calcium sinks beneath the water and 
decomposes it steadily, especially if 
warm. The gas produced is usually 
impure, since commercial calcium 
contains traces of carbide. 

(2) Action of Heated Metals upon Steam, — ^The action of steam on 
certain heated metals yields the oxides of the latter together with 
hydrogen. The platinum metals (except osmium), gold, silver and 
mercury, are not affected under any circumstances ; copper and lead 
react only at a white heat. The other metals react with steam at a 
red heat or below, and of these zinc, iron and magnesium are most 
suitable. The action of iron is still used commercially where 
electrolytic hydrogen is not available. Steam is passed over red- 
hot iron, yielding triferric tetroxide and hydrogen, 

3Fe + 4H2O Fe304 + 4H2. 

The iron oxide is then re-converted into metallic iron by passing 
over it water-gas (§ 556) a mixture of hydrogen and carbon monoxide, 

^^^8^4 4" ^3-2 3Fe -j~ 4H2O 

Fe 304 + 400 ^ 3Fe + 400*. 



Fia. 62. — Reaction of 
sodium with water. 
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The iron so obtained is then again treated with steam. In this way 
hydrogen is made without expenditure of iron, the only substance 
actually used up being the coke employed in making the water-gas. 

Magnesium bums brightly in steam, forming its oxide and 
hydrogen, 

Mg + HgO = MgO + Hg. 

The process may be demonstrated by means of the apparatus 
illustrated in Fig. 63. The method is not of much value owing to 



Fig. 63. — Preparation of hydrogen by the action of steam on magnesium. 


the expense of the metal and the inconveniently high temperature 
produced. 

(3) Commercial preparation of hydrogen from water-gas (§ 556) : 
When steam is passed over red-hot, or better, white-hot coke the 
reaction 

C + H^O = CO + Hg 29 Cals. 


takes place, carbon monoxide and hydrogen being formed. Since 
heat is absorbed when the reaction takes place, the coke soon becomes 
too cool to react. When this occurs it is re-heated by blowing air 
through it until it is once more hot enough to react with steam. 
Alternate subjection to a blast of air (the issuing gases being allowed 
to escape) and to a blast of steam (the issuing gases being collected) 
results in the production of a gas containing about 


Hydrogen • 
Carbon monoxide 
Carbon dioxide 
Nitrogen . 

Other gases 


50 per cent. 
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The separation of reasonably pure hydrogen from the mixture is 
carried on by two chief methods. 

(a) The Iron Process . — In this process a mixture of water-gas 
and steam is passed over certain catalysts, notably nickel, 
iron or chromium salts, when the reaction to hydrogen and 
carbon dioxide takes place. 

Ha + CO + HaO == 2H2 + COg. 

The gases under pressure are passed through water in which 
carbon dioxide dissolves, leaving behind hydrogen which 
has only about a hundredth of its solubility. 

(h) The Linde-Caro process depends on the fact that hydrogen 
boils about 80° C. lower than carbon monoxide and that it is 
possible to liquefy the carbon monoxide by regenerative cooling 
(cf. p. 496) leaving hydrogen as a gas. The gas has to be 
cooled beforehand by liquid air owing to the positive Joule- 
Thomson effect of hydrogen. The method is used to a loss 
extent than the iron process. 

183. Preparation of Hydrogen by Displacement from Acids. — An 

acid is a substance containing hydrogen, the hydrogen of which may 
be replaced by a metal. Very weak acids react with metals very 
slowly on account of the small amount of hydrion they produce, 
and acids which are oxidising agents (e.gr., nitric and chromic acids) 
combine with the hydrogen formed. Dilute hydrochloric and 
sulphuric acids, being strong and not able to react with hydrogen, 
are the most suitable. The metals which are less electropositive 
than hydrogen do not displace it from combination, and so copper, 
mercury and the noble metals are not available. Others, such as 
lead, react very slowly ; and such metals as magnesium, zinc, and 
iron are most suitable. Magnesium yields a very pure gas, but is 
little used on account of its expense. 

(1) Action of Iron upon Acid ^. — ^The action of dilute acids upon 
commercial iron (which always contains carbides, silicides, etc.) 
yields a highly impure gas, containing hydrides of carbon, hydrogen 
silicide, phosphine, hydrogen sulphide, etc. It is not used, therefore, 
as a source of hydrogen in the laboratory, although in the past the 
action of acids on scrap iron was of use as a large-scale method for 
making hydrogen for filling balloons, 

Fe -f- H 2 SO 4 = FeS 04 + Ha. 

(2) Adion of Zinc on Acids , — ^The action of zinc upon dilute 
hydrochloric or sulphuric acid is ordinarily used to make hydrogen. 
The action proceeds smoothly without heating, and Kipp^s apparatus 
may therefore be used to ensure a supply of hydrogen whenever 
required. If the hydrogeh is required under some pressure (as for 
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filling rubber balloons) a stout glass bottle, fitted with a delivery 
tube and a tap funnel, may be used. If the metal and acid used are 
very pure, very pure hydrogen is obtained, but the action is very 
slow. Commercial zinc and dilute sulphuric acid (1 : 8) or hydro- 
chloric acid (1:2) evolve a brisk stream of gas, the very soluble zinc 
chloride or sulphate, 

Zn + 2HC1 ^ZnCljs + Hg 
Zn + H2SO4 == ZnS04 + 

being left in solution. The gas so obtained may contain, beside 
water vapour, traces of the hydrides of sulphur (HgS), arsenic 
(AsHj), antimony (SbHg), carbon 
(C2Ha, etc.), silicon (SiH4), phos- 
phorus (PH3), and often traces of 
oxides of carbon, originally occluded 
by the zinc. These impurities, though 
numerous, form only a minute pro- 
portion of the gas. The best method 
of purifying the gas is washing it (1) 
with strong potassium permanganate 
solution, which oxidises most of the 
hydrides, and then (2) with silver 
nitrate solution, which removes the 
last traces of arsine, etc. The gas is 
then dried with calcium chloride and 
phosphorus pentoxide. 

Hydrogen may be collected over 
water or mercury, or if not 
required very pure, by upward 
displacerqent. 

184. Hydrogen by Displacement from Alkalis. — Most elements 
which form oxyacids dissolve in alkalis and either form a hydride or 
produce hydrogen (v. pp. 259, 260), Hydrogen may be produced by 
the action of alkalis on zinc, aluminium, tin and silicon. 

Each of these elements, when dissolved in warm concentrated 
caustic soda, evolves hydrogen. The purity of the latter depends 
on the purity of the metal. Aluminium produces a very pure gas. 
Sodium zincate, aluminate, stannite or silicate are produced together 
with hydrogen. 

(а) Zn + 2NaOH = Na^ZnOj + 

(б) 2 A1 + 2NaOH + 2H2O = 2NaA102 + SH* 

(c) Sn + 2NaOH = NagSnO* + Hj 

(rf) Si + 2NaOH + HgO = Na^SiO, + 2H*. 



hydrogen from zinc and 
dilute acid. 



216 


GROUP I. A.— HYDROGEN AND WATER 


The speed of the reaction of zinc and caustic soda is very much 
less than that of zinc and dilute sulphuric acid, and the method is 
not used for the preparation of the gas in any quantity. 

Hydrogen has been prepared for balloons by igniting a mixture 
of ferrosilicon (90-95 per cent. Si), caustic soda and lime in a 
‘‘ cartridge from which air is excluded. The mixture affords a 
portable means of preparing hydrogen under military conditions. 
The reaction is that of equation (d) above. 

185. Hydrogen from Hydrides and other Hydrogen Compounds. — 
(1) Calcium hydride , CaHg, reacts with water, one gram giving 
more than a litre of gas, 

CaHa + 2H2O = Ca(OH )2 + 2H2. 

It is known as hydrolith and affords a very convenient and portable 
means of preparing hydrogen for small dirigibles . It is too expensive 
for large-scale use except in warlike operations where expense is no 
object. It is also sold in cubes for laboratory use. 

(2) Decomposition of Hydrogen Compounds by Heat, — Hydrogen may 
also be made by the action of heat on sodium formate, sodium oxalate 
being left behind : 

NaO . OCH NaO . OC 

I + H,. 

NaO . OCH NaO . OC 

(3) The action of heat on certain unstable hydrides, c.y., copper 
hydride, yields hydrogen. 

The methods are not practically important. 

186. Forms of Hydrogen. — It has been recently discovered that 
two forms of hydrogen exist. It was theoretically proved that two 
varieties of hydrogen must exist, one of which, ortho-hydrogen^ has 
the nuclei of the two atoms of its molecule rotating in the same 
sense, while the other, para-hydrogen^ has nuclei rotating in opposite 
senses. The two forms were duly discovered. They diSer in certain 
physical properties, e.gr., specific heat. Hydrogen at ordinary 
temperatures contains about three parts of ortho-hydrogen to one 
of para-hydrogen. Deuterium and atomic hydrogen are discussed 
in §§ 192a, 193. ; 

187. Atomic Weight and Formula. — ^The atomic weight of 
hydrogen and its formula are discussed in the chapter on atomic 
weights (§§ 48, 49, 69). 

188. Properties of Hydrogen. — ^Hydrogen is a colourless gas 
which when pure has neither taste nor smell. As ordinarily made 
it contains traces of hydrocarbons which give it an unpleasant 
acetylene-like odour. The gas is non-poisonous but does not sup- 
port life. The gas as prepared from cast-iron, etc., contains arsine 
AsHs, and is seriously poisonous. Danger may thus be caused to 
the health of workers engaged in cleaning castings with acid 
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(‘ pickling ’) . Hydrogen has a lower density than any other gas. Its 
density is taken as 1-000. Relative to air its density is 0*069, and 
relative to water, 0-0000899 at N.T.P. 

Hydrogen is liquefied only with great difficulty. The principle of 
regenerative cooling (cf, p. 496) can only be employed at tempera- 
tures below —205® C., for above that temperature the Joule-Thomson 
effect is positive, i.e., heat is not absorbed but, on the contrary, 
produced when hydrogen is allowed to expand without doing 
work. At very low temperatures the Joule-Thomson effect becomes 
negative, and thus hydrogen can be liquefied by the usual forms of 
apparatus if it is previously cooled to —205® C. 

Liquid hydrogen boils at —252-5° and solidifies at — 257°. It 
was at one time thought that solid hydrogen would be metallic in 
character, from its analogy to the alkali metals, but this is not the 
case. Liquid hydrogen is lighter than any other solid or liquid, its 
density being 0*07. 

Hydrogen is very sparingly soluble in water, 100 volumes of which 
dissolve about 2 volumes of the gas at 0° C. and less at higher 
temperatures. 

The visible sjDeotrum of hydrogen is more simple than that of most 
elements. It contains a series of prominent lines interspersed with 
fine lines. Balmor, in 1885, showed that the frequency (v) of the light 
of these lines was given (with an accuracy of 1 part per million) by the 

formula r(^ *— where R is a constant and n a small whole 

number 3, 4, 5, etc. Bohr’s theory of spectra, directly bound up with 
his theory of the constitution of the atom, accounts for this remarkable 
fact, and by making allowance for the alteration of mass of the electrons 
with velocity according to principles of relativity the whole fine line 
spectrum appears to be accurately accounted for. 

189. Reactions with Non-metalHc Elements. — Hydrogen burns 
in air or oxygen with a hot and almost colourless flame. The flame 
is yellow when burned from a glass jet, owing to volatilisation of 
sodium compounds. The product is water, 

2H2 + 02 = 2H2O, 

and minute traces of hydrogen peroxide also are found. 

Hydrogen and oxygen react immeasurably slowly at room 
temperature, perceptibly at 180° C., and with explosion at 550° C. 
The pure intensively-dried gases (§ 205) do not combine even at 
900° C. 

In presence of certain catalysts, notably platinum black and 
palladium black, union takes place at room temperature, so much 
heat being evolved that the gas ignites. The phenomenon is further 
discussed under platinum (§ 1229). 
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Hydrogen and fluorine combine instantly, even in the dark, with 
explosion, 

H2 -f- F 2 ~ H2F2* 

Hydrogen combines directly with chlorine at ordinary temperatures 
if the mixed gases are exposed to light, or if they are heated to 
c. 400° C. Hydrogen chloride is formed. 


H 2 + CI 2 = 2HC1. 

Bromine and hydrogen combine above 400° C., giving hydrogen 
bromide, 

H 2 + Brg = 2HBr. 

The reaction proceeds rapidly in presence of platinum as a catalyst. 

Hydrogen and iodine vapour combine reversibly at temperature 
above 400° C. 

H2 + l2^2HL 

The reaction is very slow, but is enormously accelerated in presence 
of platinum black. 

Hydrogen also combines directly with sulphur, selenium, and 
tellurium at temperatures from 250-400° C. the hydrides HgSs, 
HjSe, HjTe being formed reversibly, though only in small pro- 
portion. 

H2 + S^H2S. 

With nitrogen at 200° C. upwards ammonia is formed by the 
reversible reaction, 

N2 + 3H2^2NH3. 

The amount of ammonia produced is small, but is much increased by 
increase of pressure. The reaction is very slow unless accelerated 
by the use of suitable catalysts. The rate of formation of ammonia 
at atmospheric pressure is almost negligible (§ 689). 

Hydrogen combines directly with carbon at about 1,150° C., form- 
ing small amounts of methane CH4. When an arc is struck between 
carbon poles in an atmosphere of hydrogen, some acetylene C 2 H 2 is 
formed. 

190. Reactions with Metals. — ^Hydrogen in general does not react 
with the metals. Somewhat unstable compounds are, however, 
formed with the alkali metals, alkaline-earth metals and the rare- 
earths. Examples are NaH sodium hydride, CaH 2 calcium hydride 
and LaHs lanthanum hydride. 

Hydrogen is adsorbed by certain metals, such as palladium, 
platinum, nickel, etc. The table below shows the volume of gas 
taken up by 1 volume of the metal : — 
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Elomont. 

Number of Volumes of 

Hydrogen occluded. 

Iron (reduced powder) .... 

0-4-19-2 

Cobalt ...... 

59-193 

Platinum (spongy) .... 

110 

Palladium 

850 


It seems almost certain that this gas is not chemically combined. 
It is more active than ordinary hydrogen, but this may be due to 
the electrical effect resulting from the voltaic couple, consisting of 
hydrogen and a metal such as platinum, to which it is strongly 
electropositive. The effect may also be due to the high concentra- 
tion of hydrogen present, for a consideration of the volume of hydro- 
gen in a given space makes it clear that adsorbed hydrogen is equiva- 
lent to hydrogen compressed to the enormous extent of 50--850 atm. 
Numerous reactions between hydrogen and compounds of various 
types take place easily if a mixture of hydrogen and the vapour of 
the substance is passed over a finely divided metal, usually pJatinum 
or nickel (see also § 1202). 

191. Reaction with Compounds. — Hydrogen reacts with very few 
compounds in the cold and at atmospheric pressure. It will, how- 
ever, displace the noble metals from their salts ; itself behaving like 
a metal in this respect, 

2AgN03 + Ha = 2Ag + 2HNO,. 

Hydrogen under pressure is more effective. 

The oxides of such metals as are not markedly more electro- 
positive than hydrogen are reduced by hydrogen at temperatures 
varying from c. 100® C. (silver oxide) upwards. Thus copper oxide 
begins to be reduced at 90° C. and is quickly acted on at 200° C. 

CuO + Ha == Cu + HaO. 

Ferric oxide is reduced first to lower oxides at about 220° C. and 
finally to metal at a little over 300° C. 

SFeaOa + H, = 2Fe804 + HjO 
^ 3FeO -|- HaO 
FeO + Ha = Fe + HjO. 

The oxides of the alkali metals, the alkaline earths, zinc and 
aluminium are not reduced by hydrogen. 
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Many chlorides are reduced when heated in a current of hydrogen. 
Thus silver chloride yields the metal and hydrogen chloride, 

2AgCl + = 2Ag + 2HC1. 

,^3^2, Nascent Hydrogen. — While hydrogen is not at ordinary 
temperatures a particularly active gas, hydrogen at the moment of 
its liberation by a chemical reaction or by electrolysis shows greater 
chemical activity. This hydrogen at the moment of formation is 
said to be nascent. Hydrogen absorbed by metals has also some- 
thing of the same activity. 

Thus chlorates are reduced to chlorides and ferric salts to ferrous 
salts when hydrogen is generated in their solutions, but not when 
hydrogen is merely passed through them, 

KCIO3 + 6H = KCl + 3H2O 
FeCla + H = FeClg + HCl. 

It was at one time believed that this superior activity of nascent 
hydrogen was due to the fact that in gaseous hydrogen the atoms (H) 
are combined into molecules (Hg). Consequently, work has to be done 
in converting these molecules of gaseous hydrogen into atoms before 
chemical reaction can take place. Nascent hydrogen is, however, 
presumably liberated in the form of atoms, and these need no work 
done on them, but are at once ready to react. This attractive 
theory, however, does not explain the fact that all nascent hydrogen 
is not equally reactive. Actually, nascent hydrogen evolved from 
zinc and sulphuric acid will reduce chlorates to chlorides, while the 
nascent hydrogen from sodium amalgam has no effect. Similar 
differences are found in the reducing action of hydrogen liberated 
by electrolysis at cathodes of different metals. Thus hydrogen 
liberated at a lead plate is much more effective than hydrogen 
liberated at a silver plate. 

The theory of the superior activity of nascent hydrogen being due 
to its consisting of single atoms is probably untrue, and the differ- 
ences between the nascent hydrogen evolved in different reactions 
is probably due to the different chemical energy of the reactions. 
The whole of the energy liberated in the reaction producing the 
hydrogen does not appear as heat, but a part of it increases the 
chemical energy of the hydrogen molecule as liberated. This would 
account for the variation in its activity. In the case of electrolytic 
hydrogen, it is found that the metals at which is produced the most 
reactive hydrogen are those which require the highest voltage to 
produce it at all. -The hydrogen produced at higher voltages 
perhaps carries with it some of the extra electrical energy, which 
enhances its chemical activity. Thus, to electrolyse dilute sulphuric 
acid with a lead cathode, 0*49 volts are required in excess of the 
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voltage needed with a silver cathode, and in general the reducing 
power and ‘ over-voltage ’ run parallel. 

Convenient sources of * nascent hydrogen ’ are a mixture of 
a metal and acid, sodium amalgam in contact with water, a metal 
‘ couple,’ such as the aluminium-mercury couple, or the cathode 
of an electrolytic cell where hydrogen is being evolved. The last 
method is known as electrolytic reduction and is convenient where 
time is not an object. It has the advantage that no metallic com- 
pound has to be mixed with the substance to be reduced, and the 
degree of reduction obtainable is also very considerable. The pro- 
cess is, moreover, easily controlled, the degree of reduction depending 
on the current density, nature of the cathode, etc. 

198. Atomic Hydrogen. — ^The hydrogen molecule is dissociated into 
single atoms at very high temperatures and also by the action of the 
electrical discharge. Hydrogen, at a pressure of less than half a milli- 
metre of mercury, when subjected to an electrical discharge, is almost 
completely decomposed into single atoms, Hg = 2H. These recom- 
bine almost instantaneously imless all glass surfaces with which they 
are in contact are scrujmlously cleansed from catalysts. This atomic 
hydrogen is very reactive. It reacts with sulphur and phosphorus, 
and even some metals, in the cold, forming their hydrides, and reduces 
cupric and ferric oxides in the cold. 

193a. Deuterium, Diplogen, Heavy Hydrogen. — Isotopes (§ 150) 
of an element have identical nuclear charges but different atomic 
masses. The normal hydrogen atom has a nucleus of mass 1 and 
charge 1 with one electron rotating round it. Its simplest isotope 
would have a nucleus of mass 2, charge 1, with one electron rotating 
round it. The discovery of the hydrogen isotope was due to a dis- 
crepancy between the very exact physical 
and chemical atomic weights of hydro- 
gen. The mass-spectrograph indicated a 
mass of 1*0078 for hydrogen taking the 
isotope == 16*0000 as standard. 

Chemical methods also gave the same 
value 1*0078 taking ordinary oxygen with a minute proportion 
of 0^“^ and 0^® as standard = 16*0000. Thus the chemical value 
— the average for all H isotopes present — is higher than the physical 
value, which was the atomic weight of H^ only. 

Evidence for the existence of an H® isotope was sought. Wash- 
bum, Urey and others showed that heavier fractions could be 
separated from hydrogen and its compounds, and these have since 
been found to contain about one part in 5,550 of the isotope of 
mass 2. This was named deuterium by the American discoverers, 
but has also been called diplogen^ and in all countries is given the 
symbol D. The use of a separate symbol is here employed because 
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its compounds can be studied. Other isotopes cannot be separated 
to a suflScient extent to allow of this, nor do the compounds of the 
several isotopes of other elements than hydrogen differ to a detect- 
able extent. 

Since the deuterium atom is twice as heavy as that of hydrogen 
(A.W. 2*0137), it and its compounds are denser and this is the 
chief means of detecting a separation. 

Separation of Deuterium and ‘‘ Heavy Water '* — Numerous 
methods are possible but only (2) below is of practical value. Water 
rich in deuterium has been separated by several methods, of which 
the chief are : 

(1) Fractional Distillation of Water. “ Heavy water " (DgO and 
HDO) is less volatile than water (HgO). 

(2) Electrolysis of Water. This method, employed by G. N. Lewis, 
who was the first to separate pure heavy water, has proved the most 
valuable. When a solution of alkali is electrolysed, the hydrogen 
given off contains only about one-fifth of the proportion of deuterium 
contained in the original water. By starting with 20 litres of water, 
already somewhat enriched by electrolysis and continuing elec- 
trolysis until only 1*5 c.c. remained, fairly pure “ heavy water " 
containing 66 per cent. DgO was obtained by Lewis, and by combin- 
ing the products of several electrolyses about 1*3 c.c, of almost 
pure DgO resulted. 

From this product deuterium Dg was prepared and obtained in a 
pure state by diffusion. 

“ Heavy water,” DgO, differs in physical properties from HgO. 


Thus we have : — 

DgO 

H,0 

M.P 

3-8° C. 

0° C. 

B.P 

101-42° C. 

100° C. 

S.G./20°C. . 

Temperature of maximum 

1-1071 

1-0 

density 

11-6° C. 

4°C. 

Viscosity (centipoises) . 

12-6 

10-87 

Specific heat . 

1-018 

1-000 

Refractive index n^ 

1-3281 

1-3329 


In addition to the above properties, certain solubilities (NaCl, 
BaClg) have been found to be less in DgO than in HgO by about 16 
per cent. The mobility of ions in DgO is less than that in HgO. 

The chemical differences are on the whole very slight. The 
reaction velocity in general appears to be smaller. Among the 
most interesting pieces of knowledge obtained by the use of heavy 
aydrogen is the ready exchange between hydrogen atoms. 
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If ammonium chloride in dissolved in heavy water, the same 
proportion of deuterium is found in the salt recovered by evapora- 
tion as in the water used. Clearly there must be an interchange of 
hydrogen atoms between NH 4 + and HgO or DgO, perhaps 

NH4+ + OD’ ^ NH4OD ^ NH3D+ + OH-. 


Still more remarkable is the fact that if sugar is dissolved in heavy 
water, half the hydrogens only are so exchanged. These are sup- 
posed to be the hydroxylic hydrogen atoms. 

A similar phenomenon is found when Dg is confined over water. 
The volume of gas is unchanged, but after a few weeks the gas 
remaining is about 95 per cent, hydrogen, the Dg having formed 
D3O. 

Mixed molecules such as HD, DOH, etc., are readily formed. 
Thus a mixture of light and heavy water is in chemical equilibrium. 

DgO + H20^2D0H. 


The biological properties of heavy water are still in dispute, but 
the differences from ordinary water do not appear to be considerable. 

194. Uses of Hydrogen. — Hydrogen finds its chief use in the 
manufacture of ammonia (§ 689) and in the hydrogenation of oils 
(§ 1202 ). Quantities are also used for filling balloons and airships 
(v. also under Helium, § 1245). A good deal of hydrogen is now used 
in filling toy rubber balloons. 

The lifting force of the gas in a balloon is equal to the difference 
of weight between the volume of air displaced by it and the weight 
of the envelope and the contained gas. A litre of hydrogen at, 
say, 15® C. will lift the weight of a litre of air at that temperature 
less the weight of the litre of hydrogen. A litre ot hydrogen will, 
therefore, lift 


/14 4 - 1\ 273 

V 11*2 ) 288 


M3 gms. 


The oxyhydrogen blow-pipe has been largely replaced by the 
oxy-acetylene instrument (§ 865) but the air-hydrogen blow- 
pipe flame is largely used in the autogenous soldering of lead. 
Leaden vessels for holding acids, lead chambers for the sulphuric 
acid process, etc., cannot be soldered in the ordinary way, for there 
would be rapid corrosion at the point where the solder and lead met. 
They are therefore autogenously welded by melting the edges 
together. The hydrogen-air flame is clean, hot and reducing in 
character and, therefore, very suitable for the purpose. The 
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hydrogen is usually generated in a piece of apparatus like a large 
“ Kipp.” 

196. Detection and Estimation. — Combined hydrogen is best 
detected by heating the compound suspected of containing it with 
copper oxide, which in most cases oxidises the hydrogen to water, 
which may be condensed and identified by the tests mentioned on 
p. 242. The water may by suitable methods be absorbed in weighed 
drying vessels and its weight determined. These processes are 
chiefly of use in organic chemistry and are described in text-books 
dealing with that subject. 

Free hydrogen may be identified by its burning with a nearly 
colourless flame (quite different in appearance from those of carbon 
monoxide, hydrogen sulphide, etc.), yielding a residual gas free 
from carbon dioxide. Small quantities of hydrogen, mixed with 
other gases, can be detected by absorbing it in spongy palladium, 
from which it can be recovered by the action of heat. 


WATER 

196. The Composition of Water. — ^The history of the relations of 
mankind with the substance water would be a task for a lifetime. 
Happily, we need here to record only the efforts of mankind to dis- 
cover its nature and composition. Water was for a long time con- 
sidered to be an elementary body. The first evidence that it was a 
compound was obtained in the later part of the eighteenth century. 
Macquer, in 1776, noticed that the hydrogen flame deposited a dew 
on cold surfaces, and Priestley, in 1781, noticed the deposition of 
moisture when a mixture of ‘ inflammable air ’ and ‘ dephlogisti- 
cated air ’ (hydrogen and oxygen) was detonated in a closed vessel 
by an electric spark. These results were not however followed up. 
In 1789, van ^roostwijk and Deiman noticed that bubbles of gas 
were produced when an electrical current obtained from a frictional 
machine was passed through water. Henry Cavendish, one of the 
most remarkable of the earlier chemists, followed up Priestley's 
experiment by exploding mixtures of hydrogen and oxygen in closed 
vessels. In his own words : — 

“ In order to examine the nature of the matter condensed on firing a 
mixture of dephlogisticated and inflammable air, I took a glass globe, 
holding 8,800 grain measures, furnished with a brass cock and an 
apparatus for &ing air by electricity. This globe was well exhausted 
by an air pump, and then filled with a mixture of inflammable and 
dephlogisticated air, by shutting the cock, fastening a bent glass tube 
to its mouth, and letting up the end of it into a glass jar inverted into 
water, and containing a mixture of 19,600 grain measures of dephlogisti- 
cated air, and 37,000 of inflammable ; so that, upon opening the cock, 
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some of this mixed air rushed through the bent tube and filled the globe.^ 
The cock was then shut, and the included air fired by electricity, by 
which means almost all of it lost its elasticity.® The cock was then 
again opened, so as to let in more of the same air, to supply the place 
of that destroyed by the exj)losion, which was again fired and the 
operation continued till almost the whole of the mixture was let into the 
globe and exploded. By this means, though the globe held not more 
than the sixth part of the mixture, almost the whole of it was exploded 
therein without any fresh exhaustion of the globe. . . . The liquor 
condensed in the globe, in weight about 30 grains . . . consisted of 
water united to a small quantity of nitrous acid.” 

The latter acid was not found when air was used instead of oxygen, 
and was derived from impurities in the oxygen used. 

Cavendish was thus led to the conclusion that water was made 
up of hydrogen and oxygen ; and it was once for all demonstrated 
that water consists of hydrogen and oxygen only, combined in the 
ratio of two to one by volume. 

These facts established the composition of water synthetically ; it 
was soon confirmed analytically by Nicholson and Carlyle in the 
year 1 800 . These workers electrolysed water and obtained hydrogen 
and oxygen. Davy further investigated the question and found 
that water was decomposed by the electric current forming two 
volumes of hydrogen and one volume of oxygen, and no other 
product. 

These facts did not give the formula of water, for there was not, 
at the period of these experiments, any known connection between 
volumes of gases and number of atoms. 

Rough attempts were made to determine the weights of hydrogen 
and oxygen contained in water by deducing the weights of the gases 
combining in an experiment such as Cavendish's, by multiplying 
their volumes by their densities. No very accurate results were 
obtained, owing to the difficulties of determining the densities with 
accuracy, using the somewhat primitive types of apparatus then 
available. 

A totally different type of determination was carried out by 
Dumas in 1842. It is of great interest as the forerunner of all 
accurate atomic weight determinations. It was, however, of an 
accuracy inferior to modem determinations such as those of Morley 
and Noyes, but much superior to any previous determinations. 

Hydrogen was prepared from zinc and sulphuric acid and puri- 
fied by passage through numerous U-tubes, containing : (1) glass 
moistened with lead nitrate solution to remove hydrogen sulphide ; 

^ In order to prevent any water from getting into this tube, while dipped 
into water to let it up into the glass jar, a bit of wax was stuck upon the end 
of it, which was rubbed ofi when raised above the surface of the water. 

® /.e., gaseous state. 
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(2) silver sulphate solution to remove arsine and phosphine ; 

(3) three U-tubes containing potassium hydroxide to remove all 



acid gases (COg, SO*, NO*, etc.) ; (4) two U-tubes containing 
phosphorus pentoxide to remove all traces of moisture. These were 
immersed in a freezing mixture. Next followed a U-tube containing 
phosphorus pentoxide, which was weighed before and after the 
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experiment and which, if it showed no change of weight, bore witness 
that no moisture was contained in the gas. 

The gas next passed through a bulb A, previously weighed while 
exhausted and containing well-dried copper oxide. When heat was 
applied to the oxide the hydrogen was oxidised to water which 
passed on as steam and was condensed in the weighed bulb B, and 
the weighed drying tubes D, containing potassium hydroxide, and 
E, containing phosphorus pentoxide. The tube F, also containing 
phosphorus pentoxide, was not weighed and, with the mercury trap, 
served to protect the apparatus from the moisture of the external air. 

The change in weight of the bulb A gave the weight of oxygen 
lost by the copper oxide, and the change in the weights of the bulb 
and tubes B, D, E gave the weight of water formed. 

As a mean of nineteen experiments Dumas found : — 

Oxygen lost by copper oxide. . . 44-22 gms. 

Water produced ..... 49-76 gms. 

Hydrogen contained in water (by difference) 5-54 gms. 

Thus the ratio of hydrogen to oxygen in water was 5*54 : 44-22 or 
1 : 7-98 by weight. Dumas himself believed that the ratio was 
actually 1 : 8, but in fact the error is in the other direction, and 

1 : 7-94 would be closer. 

It was then known that water contained 1 volume of oxygen to 

2 volumes of hydrogen and (nearly) 8 parts by weight of oxygen to 
1 part by weight of hydrogen. 

It was assumed at first that water had the formula HO, and that 
the atomic weight of hydrogen was one and that of oxygen eight. 
We now know that this was incorrect, but it gave quite satisfactoiy 
results in most respects. If we call the atomic weight of oxygen 
eight we are in effect giving the symbol 0 to a half-atom of oxygen. 
Thus the formula HO with O = 8 is the same as H(0)j with 
oxygen = 16, or in fact as ^(HaO). 

Thus these formulsB represented the proportions of the elements 
contained in the molecules correctly, but were sometimes wrong in 
the number of molecules. Thus the equation for the action of zinc 
upon steam as written before 1860 was, 

2HO -f Zn = ZnOa + 2H ; (0 = 8); 
using modem atomic weights this is written, 

HaO + Zn = ZnO + ; (0 = 16) ; 

but both equations indicate quite correctly the weights of the 
materials formed. 

It had long been known that there was a connection between 
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densities of gases and their formulae and reacting volumes (cf . §§ 45, 
46), and while Avogadro’s hypothesis, proposed in 1814, explained 
these relationships very well enough in a great many cases, in others 
it broke down completely. 

Cannizzaro, in 1857, put forward more strongly an idea that 
Gerhardt had proi)osed in 1842, that oxygen and the elements the 
atomic weights of which were based on oxygen should have their 
atomic weights doubled. This process at once made Avogadro’s 
hypothesis correct for all known cases, and accordingly oxygen was 
given the at. wt. 16, and the number of atoms of it in every formula 
was halved. Thus water, instead of HO became HgO. 

Assuming Avogadro’s hypothesis, it was evident that the 
formula of hydrogen was Hg (§ 48), and experiments on the volume 



Fig. 67. — Volume composition of steam. 


composition of water further confirmed its formula. The atomic 
weight of oxygen being taken as 16, its density (16, Hg == 1, v. 
§ 50) showed that its formula was Og. 

Gay-Lussac had, in 1808, performed an experiment, later modified 
by Hofmann (1865), which clearly showed the volume relationships 
between hydrogen, oxygen and steam and so helped to confirm the 
formula HgO. 

A graduated eudiometer — a stout U-tube fitted with electrodes 
for firing gases by a spark — is surrounded by a jacket through which 
can be passed amyl alcohol vapour so as to maintain it and the gases 
contained therein at 132® C. A mixture of hydrogen and oxygen 
in the proportions of 2 : 1 by volume is placed in the sealed limb of 
the tube. The tube is then heated by the vapour and the volume 
of the hot gases read off on the gradations of the eudiometer. The 
open limb of the U-tube is corked and the mixture of gases is fired. 
The steam formed by the explosion does not condense at 132® C. and 
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its volume is read off. It is found that two volumes of hydrogen 
combine with one volume of oxygen to form t:70 volumes of steam. 
If we adopt Avogadro’s law it follows that two molecules of hydrogen 
and one molecule of oxygen form two molecules of water. We 
know that hydrogen is and oxygen is Og, 


2H2 + O2 — 2 H^O„, 

and the only formula for steam which can satisfy the equation is 
HoO. 


Liquid water probably contains HgO, (H20)2 and (H20)8 molecules, 
while icc consists almost wholly of the latter. 


The structure of 
H 

H— 0~n^(!)— H 


(HiO)* Is possibly 
H 

or H:*('):H:0:II 



but it is quite possible that loose aggregations of water molecules are 
continually being formed and decomposed. 

The evidence for the belief that the molecules of water are associated 
depends on (a) the abnormally high density of steam just above the 
boiling-point ; (b) the fact that water boils at 100® C. while its analogue, 
HjS, which would be expected to boil at a higher temperature, boils 
at — 61 ® C. ; (c) its parachor value ^ ; {d) many departures from the 
j)hysical properties to be expected from a substance of the simple 
formula HgO and the low molecular weight of 18 . 

197, Occurrence. — ^Water is found in vast quantities in the sea, 
rivers, etc., and as moisture saturating the soil. The air normally 
contains from 1-5 per cent, of its vapour. All living things contain 
a high proportion of water, A cucumber contains 97 per cent., a 
man 60 per cent, of water. All substances which have been exposed 
to the air absorb some moisture. An apparently dry powder, such 
as powdered glass, will always lose a little moisture when heated, 
while colloids like wood, paper, wool, etc., absorb very noticeable 
quantities of water from the air. For this reason no chemical 
material which does not react with water is ever found to be free 
from water unless it has been specially dried. 

^ The parachor of a substance is given by the formula ^ ^ 7*, where M 

IS the molecular weight of a liquid, D and d the densities of the liquid and 
its vapour, and 7 its surface tension. The parachor can be readily computed 
by simply adding together a series of numbers representing the various 
atoms and valency linkages present in the molecule. If the parachor is 
experimentally determined, the value obtained can be used to determine 
how many atoms and what valency linkages are present in the molecule. 
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198. Sources of Water. — Water is so abundant that it is never 
made by chemical methods. It is, however, a frequent product of 
chemical actions, being produced : — 

(a) When hydrogen or compounds of hydrogen bum in air or 

oxygen or are passed over heated copper oxide or otherwise 
oxidised. 

(b) When acids combine with bases. 

The purification of water is a most important matter in view of 
the infiuence of a pure water supply upon public health. For 
purposes of town supply a chemically pure water is neither obtain- 
able nor desirable ; what is required is water free from any impuri- 
ties which may make the water dangerous to health, unpalatable, or 
unsuitable for industrial use. 

Water for purposes of town supply is derived as a rule from wells 
or from rivers or lakes. In any case, the water may be regarded as 
being derived ultimately from rain. Rain water is nearly chemically 
pure, containing as impurities traces of dissolved gases, nitrogen, 
oxygen, carbon dioxide, ammonia, nitrous acid, nitric acid, and in 
large towns sulphurous and sulphuric acid. Rain carries down with 
it also dust particles and a minute proportion of sodium chloride 
derived from dried sea spray. The amount of impurity other than 
gases does not reach more than about 5 parts per million. Water 
is so universal a solvent that rain water takes up impurities from 
the ground as soon as it reaches it. Rain water may run off the 
ground as surface water and collect in streams or rivers, or may 
penetrate deeply into the soil and underlying rocks to emerge as 
spring water or wdl water. 

Surface uniter varies much in quality and purity. If it has flowed 
from mountain areas of granite, clothed only with a layer of peat, 
containing little mineral matter, the water which is collected in lakes 
or dams may be little less pure than rain water. Thus the water 
supplied to Glasgow from Loch Katrine contains only about 3 parts 
of solid matter in 100,000 of water. Surface water in agricultural, 
and still more in thickly-populated districts, is much less pure and 
contains both organic and mineral matter derived from the soil. 
Typical samples might contain from 5-100 parts of solid matter 
per 100,000, varying with the type of soil traversed. 

Spring water has usually filtered through finely porous soil or rock 
for some distance before emerging and is consequently fairly free 
from bacteria, etc. In England numbers of springs are found at 
the foot of our numerous chalk hills. The water filters through 
the porous chalk and emerges into the greensand which often 
underlies it, and where this stratum is exposed springs are numerous. 
Such water as this is always hard (see below) and may contain some 
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25-50 parts of solid matter per 100,000, mainly calcium com- 
pounds. 

River water is partly spring water and partly surface water. It 
usually contains a good deal of mineral matter and often a vast 
population of bacteria, infusoria and other low forms of life. Such 
water may contain from 1,000 to 1,000,000 bacteria per cubic 
centimetre, largely forms derived from sewage. Most of these are, 
fortunately, harmless, but if sewage reaches the river at all, such 
bacteria as those which cause cholera and typhoid will, when these 
diseases are prevalent, also reach river water in a living condition. 
Thus, if a town is forced to drink river water, as is London, such 
water must be adequately purified by filtration and storage or 
otherwise. 

Well water from shallow wells is not very satisfactory. Such wells 
are filled by water soaking in from the neighbouring soil and may 
consequently be contaminated with sewage from cesspools, leaky 
sewers, etc. The water from shallow wells usually contains much 
mineral matter, commonly 100 parts per 100,000 and often more. 
Such water is often exceedingly hard. 

Deep wells, such as those which are driven deep into the chalk or 
down to the greensand below it, give water which is safe from 
bacterial contamination as a result of filtration through masses of 
porous chalk. Such water is very hard as a result of its prolonged 
contact with the chalk. 

199. Purification for Town Supply. — Such waters as are derived 
from deep wells or from high moorland surface streams require no 
purification. 

River water, such as that used in London, is allowed to filter 
through beds of sand resting on stones and gravel. A slimy layer of 
clay, algae, bacteria, etc., is formed on the surface of the sand, and 
the pores of this material are so fine as to remove almost all sus- 
pended matter. Certain experiments showed that if the water 
entering the filter contained 31,200 bacteria per cubic centimetre, 
that leaving it contained only 122 in the same volume. 

The filter does not, of course, remove dissolved mineral matter, 
but unless this is present in great quantity it is impracticable and 
indeed unnecessary to remove it from a town supply. 

The chief substances found dissolved in river and well water 
are ; 

(а) The bicarbonates of calcium and, occasionally, magnesium. 

(б) The sulphates and, occasionally, the chlorides of the above 
metals. 

The first of these impurities arises from the action of water con- 
taining dissolved carbon dioxide upon the calcium carbonate of the 
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chalk or limestone rocks which it has traversed. The soluble 
calcium bicarbonate is formed, 

CaCOa + H2CO3 = Ca(HC03)2, 

and the resulting water may contain up to 50 parts or more per 
100,000 of calcium carbonate. Magnesian limestone containing 
magnesium behaves in a similar way and water derived from it 
contains magnesium bicarbonate. 

Calcium sulphate is a common mineral and is perceptibly soluble 
in water ( 1 : 600) and is accordingly often found in water. 

The removal of these substances from water is carried out on the 
large scale by the excess lime process and the permutit process 
(§ 200 ). 

Water also contains traces of ammonia and nitrates derived from 
nitrogenous organic impurities and also from the rain water which 
is the original source of all forms of water. Traces of sodium chloride 
are (except near the sea) derived chiefly from animal excretions. 
Water containing much chloride is, therefore, to be regarded with 
suspicion. 

200. Hard Water. — Water which reacts with soap and produces 
an insoluble precipitate is said to be hard. Water containing salts of 
calcium or magnesium, or, indeed, of any of the metals other than 
sodium and potassium, has this property. The precipitate formed 
consists of the stearates of calcium, magnesium, iron or the metal in 
question. Soap consists of sodium stearate, which is soluble in water, 
and this reacts with any soluble calcium salt according to the 
equation, 

2Na^ + Ca(HC 03)2 == 2 NaHC 03 + Ca'^g, 

where St is the stearate radical C 17 H 35 . COO . 

Hard water is therefore obviously unsuitable for washing purposes, 
for until the calcium in the water has been removed by combining 
with the soap, the latter cannot exert its detergent powers, which 
depend upon its being free in solution. Hard water accordingly 
causes great wastage of soap. 

Water which contains the bicarbonates of calcium and mag- 
nesium may be freed from them by boiling and is said to be tern- 
•porarily hard. The bicarbonate decomposes when heated and 
calcium or magnesium carbonate is deposited either as a precipitate 
or, if deposited slowly, as a crust on the sides of the containing 
vessel, 

Ca(HC08)3 = CaCOg + HgO + COg. 

This occasions grave inconvenience in domestic hot-water boilers, 
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steam boilers, etc., which require cleaning at comparatively short 
intervals where such water is used (see Plate XI.). 

The inconveniences of hard water have led to the development of 
processes designed to remove from water the substances which cause 
its hardness. There are four chief methods of water-softening in 
use. 

(а) The domestic process is the addition of sodium carbonate 
(washing soda, bath salts), or sometimes ammonia to the water. In 
the first case all the calcium and magnesium are precipitated as 
carbonates, 

Ca(HC03)2 + NaaCOg = 2NaHCOs + CaCOj | 

CaSOi ~f~ NaoCOo = XaoSO^ -}“ CaCOo X 
or Ca++ + CO3- - -> CaCOs 

In the second case only the bicarbonates are decomposed, but other 
salts are not affected. 

Ca(HC03)3 + 2NH«OH = (NH4)3C03 + CaCO, | + 2H3O. 

These methods are much too expensive for softening the water 
supply of a whole town. Soda is sometimes added to the water used 
in steam boilers. 

(б) The excess lime process is in use at Canterbury, Southampton, 
Caterham and some other places. The process removes temporary 
hardness only and depends on the reaction between calcium 
bicarbonate and calcium hydroxide, 

CaCHCOa), + Ca(OH)2 = 2CaC03 1 + 2H3O. 

It is, of course, essential that the lime should be added in the exact 
quantity needed, for an excess of lime would make the water harder 
than before. 

The lime, in the form of milk of lime or lime water, is added to 
the water contained in large tanks. The water becomes cloudy and 
the precipitate of the carbonate settles out in about two to three 
hours, sufBiciently well to allow the surface water to be drawn off. 

(c) The process which is most efficient and most widely used is the 
base-exchange or permutit process. This is never used to soften a 
whole town’s supply, but a softening plant is attached to the water 
inlet pipe of an individual private house or factory. The softening 
is accomplished by allowing the water to flow over a bed of granu- 
lated hydrated sodium aluminium silicate.. This substance may be 
made artificially — ‘ permutit,’ but is usually obtained from a native 
mineral — ^zeolite. The commonest form of this zeolite is greensand. 
A reaction takes place between the zeolite and the calcium and 
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magnesium salts of the water (which we will regard for the purposes 
of the equation as calcium bicarbonate), resulting in the 

Ca(HC 03)2 + NagAlgSigOg . xJifi = CaAlgSigOg . .rHgO + 2 NaHC 03 
conversion of the sodium aluminium silicate into calcium aluminium 
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Fio. 68. — Illustrates the plant supplied by Messrs. Electrolux, Ltd., 
Luton, for domestic water softening. 


silicate, while sodium bicarbonate goes into solution. The issuing 
water contains no calcium or magnesium salts and the trace of 
sodium present is quite innoquous. After a few days the zeolite 
becomes so far converted into the calcium compound that it will 
remove no more calcium from the water. 

The zeolite is then regenerated by running over it for five minutes 
a concentrated solution of common salt. The high concentration 
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of this causes the reaction to proceed almost to completion (§ 110), 
2NaCl + CaAlaSigOg . xR^O ^ CaCla + Na^AlaSi^Og . xHgO, 


the sodium zeolite is once more formed and the calcium goes into 
solution as thtf chloride and is run to waste. The zeolite can then 
again be used to soften more hard water until it once more needs 
regeneration. 

Sodium metaphosphate is of commercial value for softening water, 
etc., since it forms a soluble complex ion with calcium. It exists in 
several polymeric forms. The simplest formula is NaPOg, but 
varieties of composition (NaP 03)3 and (NaP 03)3 also exist. The 
latter is made by heating sodium dihydrogen orthophosphate, or 


the pyrophosphate, until 
it fuses and rapidly cool- 
ing the fused mass. 
This product is sold as 
Calgon. 

(d) Softening by 
inetaphosphates. See 
Appendix 11. 

201. Purification of 
Water for Scientific Pur- 
poses. — ^Water for scien- 
tific purposes is in 
practice required of two 
degrees of purity : — 

(а) Distilled water of 
high purity. 

(б) “Conductivity’* 
water of the highest 
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purity attainable. 

Distilled water is rarely prepared with the ordinary distilling flask 
and Liebig condenser. The ordinary laboratory water-still is either 
a combined water-oven and still or some type of dome-still, one of 
the many patterns of which is illustrated in Fig. 69. Water from 
such a still is pure enough for all ordinary chemical work ; but it 
contains traces of salts, etc., and for physico-chemical purposes, 
notably the determination of the electrical conductivity of solutions, 
it is not pure enough. Water dissolves sufficient alkali from the 
surface of glass to render it useless for work of this type, and many 
methods have been devised to produce water of very high purity. 

Very pure water is best obtained by adding a little acidified 
potassium permanganate solution to ordinary distilled water and 
allowing the mixture to stand for a few hours. The water is then 
distilled ; the distillate is mixed with a little barium hydroxide and 
redistilled. The distillate is then finally distilled, using a solid tin 
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condenser, and the pure water is collected in a flask of hard glass 
which has been steamed or repeatedly treated with water to remove 
all soluble alkali. The water so obtained still contains gases, and if 
these impurities are considered deleterious the final distillation must 
be conducted in vacuo (p. 245). The chief undesirable gaseous 
impurity is carbon dioxide, and this is often removed by conducting 
the distillation in a current of carbon dioxide free air. 

202. Physical Properties. — ^Water is at ordinary temperature a 
liquid which, while it appears colourless in small quantities, is blue 
when viewed through considerable depths. Water is without taste 
and smell. Many of the properties of water are taken as the numeri- 
cal standards of comparison. Thus water freezes at 0° C. at standard 
atmospheric pressure (+ -0076° C. under its own vapour pressure), 
and boils at 100® C. ; its density at 4® C. taken as unity. 

The specific heat of water is taken as unity 1 *000, or in other words, 
1 *000 calorie is the quantity of heat required to raise the temperature 
of a gram of water by one degree. Since the specific heat varies with 
the temperature the degree in question must be specified. Thus the 
temperature of 1 gm, of water is raised by 1 zero calorie from 0-1® C., 
by a 15® calorie from 14*5® C. to 15*5° C. ; a mean calorie is one 
hundredth part of the heat needed to raise the temperature of 1 gm. 
of water from 0® C. to 100® C. 

The coefficient of expansion of water varies remarkably with the 
temperature. Water actually contracts when heated from 0® C. to 
4® C., and from 4® C. to 100® C. expands. This peculiar property is 
due to the form (H 20)3 changing with rising temperature into the 
denser (H 20 ) 2 . 

Water is a very poor electrical conductor, the pure liquid having 
a specific conductivity of 0-04 X 10“® mhos, at 25® C. Thus a 
column of water a centimetre long has the same resistance as a rod of 
copper of the same cross-section and nearly 90 million miles long. 

The physical properties of water are in strong contrast to those of 
its nearest chemical analogue, hydrogen sulphide. 

While we should expect water to have a lower boiling-point than 
hydrogen sulphide we find actually that its boiling-point is higher 
than that of any hydride of Group VI. B. This anomalous be- 
haviour is clearly due to its association into double molecules, and is 
paralleled in the relationship of hydrogen fluoride to the other 
hydrogen halides {§ 1034). 

Water is remarkable as being an ionising solvent^ i,e., a solvent in 
which many polar compounds— acids, bases, and salts — dissolve 
and become dissociated into ions. Water is not the only ionising 
solvent ; others include formic acid, hydrogen cyanide, liquid 
sulphur dioxide, liquid ammonia. 
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In general, it is found that ionising solvents are liquids with high 
dielectric constants. There does not appear to be an exact relationship 
between dielectric constant and ionising power, but the properties are 
clearly connected. 

Ionising solvents all appear to be donors, i.e,, some atom in their 
molecule has two or more valency electrons, which are not shared with 
other atoms. Recent work seems to indicate that ionisation is always 
accompanied by combination of the solvent and one or more of the ions. 
This, if correct, explains the necessity for an ionising solvent to have 
donor or acceptor properties. 

Water is itself dissociated, forming a very small proportion of 
hydrogen and hydroxyl ions, 

H20^H+ + 0H- 

The evidence for this fact is its con- 
ductivity and the satisfactory explana- 
tion of the phenomena of hydrolysis 
(§ 121). The proportion of these ions is 
such that the product of their concen- 
trations (gram-equivalents per litre) is 
approximately 10"^*, 

[H+] [OH-] = 10-1*. 

From this fact many interesting 
deductions concerning the phenomena 
of hydrolysis and precipitation can be 
gained. 

203. Chemical Properties Of Water. — 

The chemical properties of water are 
chiefly to be classified as — 

(а) Reactions involving its de- 
composition. 

(б) Catalytic actions. 

(c) Formation of molecular com- J^ —I^ccomposition of 

' ' _ water vapour by heat, 

pounds. 

Water is decomposed when heated to very high temperatures in 
accordance with the reaction, 

2 H 2 + Oa ^ 2 H 2 O + 116-2 cals. 

It follows that since heat is absorbed in the decomposition of water 
it will take place most completely at high temperatures. Actually, 
while at 1 atmospheric pressure and 1,000® C. only about *000026 per 
cent, is decomposed, at 2,000® C., about 0*6 per cent, is broken up, 
while at 3,600® C. some 30 per cent, is decomposed. 

The fact of its decomposition is difficult to demonstrate, since it 
takes place only at high temperatures and recombination takes 
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place B/& a rule before the gases are cool enough for the hydrogen and 
oxygen formed to be detected. Several devices have been em- 
ployed to illustrate this decomposition, of which that of A. Holt 
(Fig. 70) is one of the most satisfactory. 

A platinum wire was heated to 1,200-1,600® C. in an atmosphere of 
water vapour at low pressure. The white-hot wire caused the 
vapour to decompose, but at the low pressure used the gases diffused 
rapidly away from the wire before much recombination could take 
place. ^ After some time the gases were pumped off, and after the 
water vapour had been condensed by a freezing mixture hydrogen 
and oxygen remained behind. The degree of dissociation did not 
exceed 6 parts in 10,000 even at c. 1,630® C. 

Water is decomposed when it is treated at suitable temperatures 
with certain elements which are more electropositive than hydrogen. 

The alkali metals (q.v.) decompose liquid water in the cold as also 
do the metals of the alkaline earths, 

2K + 2 H 2 O = 2KOH + Hg 

Ca + 2 H 2 O == Ca(OH )2 + Hg. 

The action of magnesium is comparatively slight with cold water. 
Hot water is fairly quickly attacked by magnesium, beryllium and 
the rare-earth metals. 

Magnesium, zinc and iron readily decompose steam. The 
former bums in steam and the latter two decompose it at a red 
heat. Aluminium is protected by a film of oxide from the action 
of water, but if this is removed and prevented from re-forming by 
amalgamation with mercury it decomposes water in the cold. 
Nickel and cobalt, tin, cadmium and osmium also decompose water 
at a red heat to varying extents. Lead and copper only decompose 
water at a white heat, while mercury, silver, gold and the platinum 
metals, except osmium, have no effect upon water. 

Of the non-metals only carbon, silicon, fiuorine and chlorine react. 
The first forms carbon monoxide and hydrogen at a red heat, 

C + HaO^CO + Ha. 

The action of silicon is similar. At a red heat amorphous silicon 
reacts slowly with water, forming the oxide, silica, 

Si + 2 H 2 O = SiOa + 2Ha. 

Fluorine forms hydrogen fluoride and liberates oxygen, mixed with 
some ozone, 

2Fa + 2 H 2 O = 2H2Fa + Og. 

Chlorine behaves analogously. It forms hypochlorous and hydro- 
chloric acids, 

Cla + Hfi ^ HCl + HOCl, 
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but when exposed to light the reaction, 

2 CI 2 + 2 H 2 O = 4HC1 + O 2 

takes place. 

Among the numerous reactions of compounds with water, we may 
note the following : — 

(а) Certain acidic and basic oxides (anhydrides) form acids and 
alkalis respectively with water, 

SO3 + H2O = H2SO4 
CaO + H 2 O = Ca(OH) 2 . 

( б ) “ Hydrolytic ” reactions. Many halides, especially those of 
non-metals and acidic groupings of atoms, react with water, forming 
hydrogen halides and the hydroxide of the element or grouping. 
We may instance the reactions of phosphorus trichloride and 
sulphuryl chloride with water, 

PCI 3 + 3H . OH = P( 0 H )3 + 3HC1 

Phosphorous acid. 

SOaClj + 2H . OH == SOg(OH)2 + 2HC1. 

Sulphuric acid. 

The halides and other salts of metals are often hydrolysed by water, 
the hydroxide of the metal or a basic salt being formed together 
with the free acid. Thus antimony trichloride with a large excess 
of water yields first oxychloride and then the oxide, 

SbCl 3 + H 2 O ^ SbOCl + 2HC1, 

2SbOCl + HgO ^ Sb203 + 2HC1, 

and bismuth trichloride yields bismuth oxychloride only. 

Bids + HaO BoOCl + 2HC1. 

Ferric sulphate forms a basic salt of somewhat doubtful composition, 

B'e 8 (S 04)8 + 2 H 2 O = 2 Pe( 0 H)S 04 + H 2 SO 4 . 

The electrolysis of water, to which allusion has already been made, 
is not a true electrolysis. Water does not conduct electricity suffi- 
ciently to allow any appreciable decomposition to take place. The 
so-called electrolysis of water is the decomposition by the electric 
current of some other substance dissolved in water, the substance 
being such that its products decompose water and re-form the sub- 
stance. Thus, if dilute sulphuric acid is electrolysed the hydrogen 
ions produced from it are discharged at the cathode, yielding hydro- 
gen, while the sulphate ions are discharged at the anode, yielding 
free sulphate groups. These latter combine with water giving 
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oxygen and re-forming sulphuric acid, which again dissociates and 
is electrolysed, 

Hg S04^2H+ + S04-“ 

4H+ + 4 © = 2H2 
2SO4— + 40 = 2SO4 
2SO4 + 2H2O = 2H2SO4 + O2. 

In the same way, if caustic soda solution is electrolysed we have — 

NaOH^Na+ + OH~ 

4Na+ + 40= 4Na 

4Na + 4H2O = 4NaOH + 2H2 

40H~ + 40= 40H 

4 OH = 2H2O + O2. 

Hydrogen and oxygen come off and the caustic soda remains in 
solution. 

204. Water as a Catalyst. — The extreme activity of water as a 
catalyst presents us with one of the most remarkable and least 
explained sets of phenomena in chemistry. 

It has been known for many years — in fact, since the eighteenth 
century — that certain chemical reactions proceed more rapidly in 
presence of water. The absorption of carbon dioxide by lime, the 
oxidation of phosphorus and iron by oxygen, the reduction of gold 
salts by hydrogen were all known to take place slowly or not at all 
in what was then considered to be the absence of moisture. 

Actually, an appreciable amount of water was certainly present 
in the materials used in all these reactions which, indeed, only take 
place in presence of considerable moisture. These observations did 
not attract much attention until, in 1880, the very remarkable 
discovery was made by Dixon that a mixture of carbon monoxide 
and oxygen which had been dried over sulphuric acid did not explode 
when a spark was passed through it. The addition of even a trace 
of water caused the gases to explode violently when a spark was 
passed. 

Still more remarkable results were obtained by Baker and others 
when the process of removal of water was carried a stage further. 

205. Intensive Drying. — ^The complete drying of a substance is an 
exceedingly difficult task. Water is obstinately retained by glass 
surfaces for a long time and very careful technique is required to 
reach the intense degree of drying obtained in many of these experi- 
ments. For this reaaon the accuracy of much of the work of Baker 
and others was disputed by investigators who could not reproduce 
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his results, probably through lack of his experience and technical 
skilL 

The intensive drying of gases is carried out by drying them as far 
as possible by passing them over sulphuric acid and phosphorus 
pentoxide and then sealing them up in bulbs or tubes, and leaving 
them either in contact with or in the same vessel as phosphorus 
pentoxide for some months or years. The tubes are best made of 
silica, though glass is often used. 

It does not appear that all chemical reactions are prevented by 
intensive drying, but of those experimented on, a great number are 
slowed up to such an extent that they do not react at all under their 
usual conditions, and chemical reaction only takes place at much 
higher temperature than usual. 

Among reactions which are effected by this intensive drying we 
may mention, in addition to those already alluded to, those listed 
below. 

Reaction of Hydrogen and Chlorine , — These gases, when dried so 
that the water present forms only about one ten-thousand millionth 
of the whole, no longer combine even in sunlight. When still 
further dried neither ultraviolet light nor heating to high tempera- 
ture explodes the gases, though in the latter case some union takes 
place. 

Reaction of Hydrogen and Oxygen , — ^These gases, when intensively 
dried, are not exploded at several hundred degrees above their 
usual ignition temperature. 

Hydrogen Chloride and Ammonia , — ^These gases do not combine 
when intensively dried. Moreover, ammonium chloride which has 
been intensively dried has been supposed not to break up into 
ammonia and hydrogen chloride when vaporised as does the 

NHs + HCl^NH^Cl 

moist salt. The recent work of Rodebusch and Michalek makes it 
almost certain that this latter result is an error caused by a faulty 
method of density measurement. 

Amongst other reactions catalysed in this way by water are the 
combination of chlorine and ethylene, sodium and oxygen, sulphur 
and oxygen, hydrogen chloride and lime, carbon dioxide and lime, 
and many others. 

206. Explanations of the Inhibition of Reactions by kemoval of 
Water. — It may at once be said that the explanations of these 
curious phenomena are hardly satisfactory. It is known that some 
gas reactions proceed by chain-reactiona (cf. p. 687) and that water 
is the catalytic substance. Thus the reaction of carbon monoxide 
and oxygen may be that indicated by the equations, 

T.O. 


B 
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(i.) CO + HjO CO* + H*, 

(ii.) 2 U 2 “h ^2 ^ 2 II 2 O, 

when water is present, while at higher temperatures the direct 
reaction, 

2CO + 02 = 2 CO 2 

may predominate. 

Again, films of adsorbed water on the surface of glass vessels may 
dissolve the reacting substances and so bring them into more inti- 
mate contact. The most curious feature of the whole thing is that 
water is apparently the only thing the removal of which inhibits 
chemical reactions. 

207. Effect of Intense Drying on Physical Properties. — ^More remark- 
able still is the fact that intensive drying is thought to alter the physical 
properties of substances. Baker found that intensive drying reduced 
the vapour pressure and raised the boiling-point of numerous liquids, 
sometimes as much as 60° C., and increased their surface tension. The 
melting-point of iodine, sulphur, bromine and several other solids were 
found to be raised. These results have been disputed, and as they 
depend on the manipulative skill used in the difficult task of intensive 
drying, any experiments which give a negative result are apt to be 
attributed to a lack of skill on the part of the investigator — an unsatis- 
factory state of affairs. The rise of boiling-point is explained by some 
as being due to superheating effects, while surface tension experiments 
are notoriously affected by traces of dust, etc. 

Smits has explained these results as the result of the shifting of inner 
equilibria. His investigations lead him to suppose that the molecular 
weight of these liquids increases when dried and that complex 
“ associated ” molecules are probably formed. The equilibrium 
between two or more types of those molecules, c.g., 

2X^(X)2, 

is supposed to be shifted by intensive drying. The theories of Smits and 
others on the subject cannot, however, be regarded as being within the 
scope of this book. There is doubtless much yet to be discovered about 
these phenomena. 

208. Additive Compounds 0 ! Water. — ^Water shows a remarkable 
propensity to form molecular compounds (§ 165) with various 
substances. Water is apparently a saturated substance, but its 
molecule actually contains two pairs of valency electrons by which it 
can form co-ordinate linkages with compounds of structures which 
can form such linkages, 

H : 6 : H 

The most important of these molecular compounds are the hydrates.^ 
When many acids, bases and salts and a few other compounds are 

* The use of the term, * hydrate * for ‘ hydroxide * as in sodium hydroxide 
is incorrect. The term * hydrate * should be reserved for these moleoular 
oompounds. 
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crystallised by cooling or evaporating their solutions, the crystals 
so produced frequently contain combined water. That this water is 
combined and not merely admixed is shown by the fact that these 
hydrates always contain water in simple molecular proportions. 

Thus all sodium sulphate crystals have one of the following 
definite formulae, 

NagSO* . lOHgO, 

NagSO^ . 7H2O, 

Na^SO^, 

which is sufficient evidence that the water is combined. 

These hydrates are usually very unstable compounds, and the 
different molecules of water in the same compound are held, as a 
rule, with varying degrees of tenacity. Thus from crystallised 
copper sulphate CUSO4 . SHgO four molecules of water of crystal- 
lisation are driven off at 100® C. or a little above, while the fifth is 
retained until c. 200® C. is reached. Similar phenomena are shown 
by many, but not all, other hydrated salts. 


It is thought that some of these molecules are attached to the ions of 
the salt molecule by co-ordinate valency linkages. It is probable that 
in the case mentioned above the molecule of water obstinately retained 
by copper sulphate is combined with the anion SO 4 — , while the other 
four loosely attached molecules are attached to the cation copper. 






|Ti,( 


OHl 


/ \ 

Lh,o ohJ 


X-"> 


This theory of the attachment of water of crystallisation has much 
evidence in its favour, but cannot be regarded as unassailably 
established. 


Allied to this power of forming loose compounds may be the 
remarkable power possessed by most solids of retaining a film of 
water adsorbed on the surface. Almost any powder which has 
stood exposed to the air loses water when heated. Glass obsti- 
nately retains water both on the surface and actually' within the 
surface layer. 

209* Efflorescence and Deliquescence. — Certain substances become 
moist in presence of air and finally liquefy. These are said to be 
deliquescent. Deliquescence occurs if a saturated solution of the 
salt has a lower vapour pressure than the partial pressure of water 
vapour prevailing in the atmosphere. Water condenses on the salt 
and the saturated solution fprmed from it and the whole gradually 
liquefies. 

The hydrates themselves have a certain definite vapour pressure, 
and if this is greater than the partial pressure of water vapour in the 
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air, water will leave the salt and pass into the atmosphere. The 
crystals of the salt fall to powder and it is said to be efflorescent. 
Thus the ordinary hydrate of sodium carbonate, NagCOg . lOHgO, 
has a vapour pressure of 24*2 mm. The partial pressure of water 
vapour in the air is 10-20 mm. Accordingly, this salt loses water 
and effloresces. 

210. Detection and Estimation of Water. — Water is recognised 
when pure by its physical constants (density == 1, B.P. 100° C., 
E.P. 0° C.), but the use of these presupposes the possibility of the 
obtaining of pure water in quantities of about | c.c. at least. Traces 
of water vapoiir may be detected and estimated by passing the gas 
suspected of containing them over weighed phosphorus pentoxide. 
Traces of water contained in organic liquids may be detected by 
adding white anhydrous copper sulphate, w^hich is turned to the 
blue pentahydrate by the action of water. Water dissolved in 
another liquid may be estimated by adding calcium carbide and 
measuring the volume of acetylene evolved according to the 
equation 

CaCa + 2H2O = Ca(OH )2 + C2H2. 

Water adherent to or loosely combined with non-volatile solids 
is estimated by drying the weighed solid in the desiccator, steam 
oven or air oven till its weight is constant, the loss of weight repre- 
senting the water present. 

HYDROGEN PEROXIDE 

211. Hydrogen Peroxide. Formation and Preparation. — ^Hydro- 
gen peroxide is formed in small quantities when hydrogen and 
oxygen combine. Thus the water obtained by condensation, when 
a hydrogen flame impinges on water, contains traces of the substance. 

It appears that the reaction of hydrogen and oxygen takes place at 
certain temperatures by a chain of reactions : — 

(1) Hj + Oa^HjOj, 

( 2 ) H2O2 + H2 - 2H2OV 

(3) 2H20* 4- 2 O 2 = 202* + 2 H 2 O, 

(4) 202* + 2 H 2 - 2 H 2 O 2 , 

in which the hydrogen peroxide is an essential linkage. The condensed 
water then naturally contains traces of this intermediate product. 

Hydrogen peroxide is ordinarily made by the reaction of certain 
peroxides with water or acids. 

^ The asterisk attached to the symbol of a molecule indicates that it is 
cbctivaledi t.e., carries with it some or all of the energy of the chemical reaction 
producing it, and has therefore greater chemical activity than the non- 
activated molecules. 
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Thus, when sodium peroxide (§ 226) is added to an excess of ice- 
cold water, sodium hydroxide and hydrogen peroxide are formed, 

NagOg + 2 H 2 O = 2NaOH + H^Og. 

It is not easy to separate hydrogen peroxide from soluble salts formed 
at the same time, and accordingly the peroxide of barium, which has 
an insoluble sulphate and carbonate, is the usual starting point. 
Thus barium peroxide may be added to water through which a 
stream of carbon dioxide is passing, 

Ra02 “h ^ RaC 03 Il202» 
and the insoluble carbonates removed by filtration. The following 
method is commonly used. 

Twenty cubic centimetres of concentrated sulphuric acid are 



diluted with 200 c.c. of water and cooled to near 0® C. by means of a 
freezing mixture. Into this solution are stirred small portions of 
hydrated barium peroxide ground to a thin cream with water, and 
this is continued until the solution is only just acid. The solution 
is allowed to stand in the ice chest for some twenty-four hours. 
The insoluble barium sulphate formed by the reaction, 

BaOg + H2SO4 = BaS04 + H2O2, 
settles out and the solution is then filtered. The excess of sulphuric 
acid is then exactly neutralised with a few drops of barium hydroxide 
and again filtered, leaving a pure 

Ba(OH)j + H,S 04 = BaSO* | + 2H,0 
solution of hydrogen peroxide. The success of the preparation 
depends mainly on good cooling, good stirring, and never having 
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an excess of barium peroxide, for this reacts with the hydrogen 
peroxide formed. 

If pure anhydrous hydrogen peroxide is required, the solution may 
be evaporated at a temperature of 60-70® C. until it contains some 
45 per cent, of hydrogen peroxide. Further evaporation merely 
causes decomposition to water and oxygen. ;To prepare 100 per 
cent, hydrogen peroxide the solution may be distilled under reduced 
pressure (o. 15 mm.). The strong solution is placed in a flask and 
heated to 35-40® C. under a pressure of 15 mm. The liquid distilling 
over is mainly water. When the temperature of the contents of the 
flask has risen to about 70° C. the process is stopped. The liquid 
remaining in the flask is hydrogen peroxide containing only a small 
proportion of water. By distilling this or by evaporating it in a 
vacuum desiccator over sulphuric acid or by cooling it till crystals 
of pure hydrogen peroxide separate, 100 per cent, pure hydrogen 
peroxide can be obtained. 

On the industrial scale the barium peroxide process is employed. 
Another method much in use is the formation of persulphuric acid 
by electrolysis of cold 50 per cent, sulphuric acid (§ 946). On 
dilution this forms sulphuric acid and hydrogen peroxide, 

2 HS 04 “ = HgSgOg f 20 
HgSgOg + 2H2O = 2H2SO4 + H2O2. 

The hydrogen peroxide is distilled off under reduced pressure. In 
this process no materials other than water and energy are used up. 

Hydrogen peroxide is produced in some quantity when certain 
substances are oxidised in presence of water. Thus, if turpentine 
is oxidised by air in the presence of water, as much as 0*5 per cent, 
of hydrogen peroxide may be formed. The well-known disinfectant, 
Sanitas, owes some of its eflBicacy to the presence of hydrogen 
peroxide formed in this way. 

212. Formula of Hydrogen Peroxide. — ^When the pure peroxide is 
decomposed 1 gram-molecule of oxygen is formed for every 2 gram- 
molecules of water. The formula must accordingly be (HO)„, 

4(HO)„ = 2nH20 + nO^. 

The freezing-point of its solutions (§ 60) indicates a molecular 
weight of 34. The formula must therefore be H 2 O 2 . 

218. Physical Properties. — Pure anhydrous hydrogen peroxide is 
a colourless or very faintly blue liquid of a syrupy consistency. It 
is odourless. The dilute solutions have a metallic taste ; the pure 
substance corrodes and blisters the skin. It boils at 84*86® C. at 
68 mm. pressure. 

214. Chemical Properties. — Decomposition . — ^Hydrogen peroxide 
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is readily decomposed when heated to temperatures of near 100® C., 
water and oxygen being formed, 

2 H 2 O 2 = 2H,0 + O*. 

The pure substance may decompose explosively. The decomposi- 
tion is greatly accelerated by numerous catalysts, of which the finely 
divided noble metals, gold, platinum and silver, are the most effec- 
tive. Carbon, iodine and many oxides have the same effect. Certain 
organic substances also catalyse the decomposition of hydrogen 
peroxide. The enzyme known as blood-catalase, which is present 
in blood, does this very effectively, and a drop of blood allowed to 
fall into hydrogen peroxide causes a brisk evolution of oxygen. 
The strength of hydrogen peroxide solutions is expressed in terms of 
the number of volumes of oxygen they produce on decomposition. 
Thus the solution of hydrogen peroxide sold as of 10-volume 
strength evolves ten times its volume of oxygen when heated until 
completely decomposed. It is easily calculated that it contains 
about 3 per cent, of hydrogen peroxide ; 10- volume, 20- volume and 
100- volume hydrogen peroxide are articles of commerce. 

Hydrogen peroxide has weak acidic properties. Thus, when 
added to barium hydroxide or potassium hydroxide the corre- 
sponding peroxide is formed, 

!Ba(OH)2 “i" D- 2^2 Ra02 *4” 2 H 2 O. 

Oxidising AcUon . — Hydrogen peroxide is a powerful oxidising 
agent, reacting with a reducing agent X, according to the equation, 

nHgOg + X = nHgO + XOn. 

Among these reactions we may mention the following : — 

Arsenites are oxidised to arsenates (§ 800) ; sulphides, sulphites 
and thiosulphates to sulphates (§§ 917, 924) ; ferrous compounds 
to ferric compounds, alkaline suspensions of chronic hydroxide to 
chromates (§ 984), iodides to iodine (§ 1096). It oxidises numerous 
organic substances, particularly in presence of ferrous sulphate, 
which acts as a catalyst. 

In consequence of this powerful oxidising action hydrogen 
peroxide bleaches numerous organic colouring matters. Dark hair 
is lightened in tone by hydrogen peroxide and the ‘ peroxide blonde ' 
owes her golden hair to the use of this substance. It finds numerous 
applications for bleaching other delicate substances, ostrich 
feathers, ivory, silk, etc. Its oxidising action on sulphides is 
utilised in the restoration of pictures. The darkening of these is 
due to white lead carbonate being converted into brown-black lead 
sulphide. Hydrogen peroxide oxidises this to the white lead 
sulphate. 

The oxidising action of hydrogen peroxide makes it a useful agent 
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for cleansing wounds. Though not a very powerful destroyer of 
bacterial life, it has the power of dissolving and oxidising the 
coagulated blood, pus, etc., in which the bacteria find a breeding 
ground. 

Deoxidising Action. — Hydrogen peroxide reacts with many 
powerful oxidising agents in such a way that both it and the oxidising 
agent are reduced. In general, a powerful oxidising agent, XO„, 
reacts with hydrogen peroxide, thus 

XOn + WH2O2 = X + nOg + nHaO. 

Thus hydrogen peroxide reacts with silver oxide, forming silver, 
oxygen and water, 

Ag20 + H 2 O 2 = 2Ag -f- H 2 O -f- O 2 . 

The peroxides of manganese and lead, in presence of acids, form 
their lower salts and oxygen, 

2HC1 + PbO, + H 2 O 2 = PbCl2 + 2 H 2 O + O 2 . 

Acid solutions of permanganates are reduced to manganous salts 
with evolution of much oxygen {§ 861 (7) ) : 

5H2O2 + 2KMn04 + 4H2SO4 = 2KHSO4 + 2MnS04 + 8H2O + 5O2. 
This reaction is used for the volumetric estimation of hydrogen 
peroxide, and also for the preparation of oxygen. 

The reaction of hydrogen peroxide with dichromates is complex 
in character and is discussed under the heading of the latter salts. 
In acid solution a deep blue solution is formed, probably containing 
chromium peroxide, CrOg (§ 995). This is unstable in aqueous solu- 
tion and decomposes within a few seconds, giving green chromic salts 
and oxygen (§ 995) ; it is, however, soluble in ether, and in ethereal 
solution is fairly permanent. This reaction affords a delicate test 
for hydrogen peroxide. 

215. Tests for Hydrogen Peroxide. — ^Hydrogen peroxide is the 
only substances which will liberate iodine from potassium iodide in 
presence of ferrous sulphate. Thus, to test for the substance we 
may add the suspected liquid to an acidified solution of potassium 
iodide mixed with a little ferrous sulphate and starch. A blue 
colour indicates the liberation of iodine and the consequent presence 
of hydrogen peroxide, 

H 2 O 2 "f" 2HI = 2 H 2 O *4" ^2* 

The dichromate test is very distinctive. A layer of ether is 
poured on to the surface of a cold acid solution of potassium 
dichromate. The suspected liquid is added and the mixture is 
shaken. If hydrogen peroxide is present the ether is coloured blue 
(see above and § 995). 
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THE ALKALI METALS AND THEIR COMPOUNDS 

216. Group L A. ol the Periodic Table. — Group I. A. of the periodic 
table is usually taken as consisting of the elements hydrogen, 
lithium, sodium, potassium, rubidium and caesium. Hydrogen is, 
however, hardly to be classified in any group of the periodic table. 
It certainly resembles these elements in being strongly electro- 
positive and monovalent, but is, from the chemical point of view, 
best considered separately (§ 177). 

The remaining elements show a remarkable likeness and a steady 
gradation of properties with increasing atomic weight. 

The metals themselves are soft, very fusible and volatile, and 
their vapours give strong characteristic colours to the Bunsen 
flame. 

The elements are extremely reactive, lithium least so and caesium 
most. Their oxides are strongly basic and react with water, forming 
soluble hydroxides — the caustic alkalis. The alkali metals have 
very few insoluble salts. Thus their carbonates, sulphides and 
other salts of weak acids are soluble and form strongly alkaline 
solutions (§ 121). 

The salts of the alkali metals are of greater stability than those 
of other metals. Their carbonates and hydroxides are not decom- 
posed at a red heat. Their nitrates, too, do not decompose to oxides 
of nitrogen, oxygen and the metallic oxide, but only to the nitrite 
and oxygen. They are also the only metals which form bicarbonates 
which are stable in the solid state. 

The salts of potassium and sodium play an important part both in 
pure and applied chemistry. In processes where the salt of a 
particular acid is required, the sodium or jKJtassium salt, other things 
being equal, are normally used for several reasons. 

Almost all sodium and potassium salts are soluble in water, and 
in many cases the salts of these metals and of ammonium are the 
only available soluble salts. Thus the carbonates, hydroxides, 
phosphates and silicates of the alkali metals are soluble, while 
those of other metals are not. 

Again, the soluble salts of many other metals cannot be used in 
neutral or alkaline solution without precipitating a basic salt or the 
hydroxide, which might contaminate the substance prepared, 

849 
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Finally, on account of the extreme abundance of common salt in 
a state of comparative purity the cost of sodium salts is lower than 
that of the salts of any other element, calcium possibly excepted, 
and, accordingly, other things being equal, sodium salts are preferred 
for industrial purposes. 


Lithium, Li 6*94 

The element lithium is interesting on account of its very low atomic 
weight and simple atomic structure (§ 146 (2) ). It finds, however, few 
uses either in scientific or industrial* work. 

217. Occurrence. — ^The chief compoimds of lithium are various 
silicates, such as lepidolite, which* contains lithium aluminium 
fiuosilicate ; and spodumene : lithium aluminium silicate. The 
element is widely distributed, being foimd in traces in the ashes of 
many plants. It also occurs in certain mineral springs. 

218. Preparation. — ^Many processes for the extraction of lithium from 
its ores have been devised. In one of these the powdered silicates 
lopidolite) are fused with excess of barium carbonate, barium sulphate 
and potassium sulphate at a high temperature. Two layers are formed, 
the lower of silicates of barium, aluminium, etc., and the upper of 
lithium and potassium sulphates. The latter layer is dissolved in water 
and converted into chlorides by the aetion of barium chloride solution. 
The solution is evaporated and the lithium chloride extracted with 
alcohol and ether, in which potassium and sodium chlorides do not 
dissolve. 

The metal is made by the electrolysis of fused lithium chloride, using 
a carbon anode and iron cathode. 

219. Properties. — ^Lithium is a white metal softer than lead but harder 
than the other alkali metals. It fuses at 186° C. The metal is fairly 
volatile and the vapoiir gives to the Bunsen flame a carmine red colour, 
occctsioned by bright red and weaker orange spectral lines. It haa 
a density of 0*634, lower than that of any element solid at ordinary 
temperatures. Its specific heat, 0*9408, is higher than that of any other 
element. 

Lithium is the least reactive of the alkali metals, but is none the less 
strongly reactive. It bums at 200° C. to lithium monoxide, a little 
peroxide being also formed, 

4Li + 08 = 2LiaO. 

It forms a nitride very readily and combines with the halogens, sulphur 
and hydrogen. 

LitMum reacts with water, forming lithium hydroxide LiOH and 
hydrogen. Unlike potassium and sodium it neither fuses nor bums 
when thrown into water. Lithium, of course, combines very readily 
with all acids. 

220. Lithium Compounds in general resemble those of sodium, the 
chief difierences noticeable being the small solubility of the carbonate 
fluoride and phosphate. In these and certain other respects lithium 
shows some resemblance to magnesiiim and the alkaline earth metals, 
notably in the solubilities of its salts. Its salts, unlike those of the 
other alkali-metals, are almost all hydrated. 

It may be noted that the element at the head of each of the earlier 
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groups of the periodic table tends to resemble the element one period 
below it in the next higher group. Thus we see the following resem* 
blances in addition to those indicated by the normal grouping of the 
periodic table. 



Group II. Group III. Group IV. 

Be B v. C 
Mg^^ Al^Si 
Ca Sc 


The reason of this phenomenon is that the elements become more 
electropositive as we go down the periodic table, but less electro- 
positive as wo pass from left to right ; there is therefore a resemblance 
between each element and that on the right and below it. 

The atomic weight of lithium was determined by a method similar to 
that used for sodium (§ 225), and 6*94 is the most reliable value. 

Lithium oxide LigO can be made by heating the metal in air or, better, 
by heating the hydroxide to redness, 

2LiOH = LiaO + HgO. 

Lithium oxide resembles sodium oxide except in that its reaction 
with water is slow, 

LijO + HaO = 2LiOH. 

Lithium peroxide is made by the action of hydrogen peroxide on 
lithium hydroxide, 

2LiOH + SHaOa + HgO == LiaO, . HgO, . 3HaO. 

A double compound with hydrogen peroxide is precipitated, and is 
carefully dried over phosphorus pentoxide. 

Lithium hydroxide LiOH is made by the action of water on the 
metal, 

2Li + 2 H 2 O = 2LiOH -h H,. 

The action is not violent. It is a white crystalline substance resembling 
caustic soda but much less soluble in water. 

Lithium ' carbonate LiaCOg is prepared by the action of ammonium 
carbonate on a lithium salt. The carbonate crystallises out, being 
sparingly soluble, 

LiaSO, + (NH4)aC03 « Li, CO, + (NHalaSO,. 

It is a white solid, sparingly soluble in cold water (1*64 gms. per 100 gms. 
water at 0® C., and only 0*72 gm. per 100 gms. water at 100® C.). 

In its other properties it resembles sodium carbonate except in so far 
that it is decomposed to the oxide when heated to strong redness. 
The bicarbonate, like that of magnesium, is stable in solution only. 

Lithium orthophosphate is practically insoluble in water (0*03 per cent, 
at 25® C.). Its precipitation, when sodium phosphate is added to a 
lithium salt, is used in analysis to distinguish the latter from the salts 
of the other alkali metals. 

Lithium sulphate Li 2 S 04 crystallises with only one molecule of water 
of crystallisation. It is soluble in water. 

Lithium fluoride LiF is sparingly soluble (0*27 parts in 100 parts 
water at 18® C.). 

Lithium chloride LiCl in its general behaviour resembles sodium 
chloride. It is, however, deliquescent and very much more soluble in 
water. 
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221. Detection and Estimation of Lithium Compounds. — Lithium is 
detected by the red coloration it gives to the Bunsen flame and by its 
spectrum. The addition of sodium phosphate to solutions of lithium 
salts precipitates lithium phosphate (p. 261). 

Lithium is sometimes estimated by precipitation as the latter salt. 

SODIUM Na, 22*997 

222. History. — Sodium chloride (common salt), and sodkim car- 
bonate have been known from the earliest times. The first is a 
necessity of life and is known to most primitive peoples. Native 
sodium carbonate was known to the Egyptians and used in embalm- 
ing. The words translated as “ nitre in the Bible represent sodium 
carbonate, as is shown in the two passages : — 

“ For though thou wash thee with nitre, and take thee much soap 
. . — Jer. a, 22. 

“ As he that taketh away a garment in cold weather, and as vinegar 
upon nitre, so is he that singeth songs to an heavy heart.” — Prov, 
XXV, 20 . 

The allusion to the effervescence produced when acetic acid acts 
on sodium carbonate is probably the earliest reference to the 
reactions of an acid ! Borax, sodium diborate, has been known 
since about the eighth century a.d. Caustic soda was distinguished 
from caustic potash in the eighteenth century. 

The metal sodium was first isolated by Sir Humphrey Davy in 
1807, by the electrolysis of fused caustic soda. 

223. Preparation of Metallic Sodium. — Sodium can be made by 
the reduction of sodium peroxide with carbon, 

SNagOg + 2C = 2 Na 2 C 05 + 2Na, 

and also by reduction of caustic soda with magnesium, but commer- 
cially the electrolysis of caustic soda or sodium chloride is employed. 

In the Castner process fused caustic soda is contained in an iron 
vessel heated by gas jets. The copper negative electrode N passes 
up through the base and is sealed in position by solid caustic soda. 
The end of the electrode is surrounded by steel wire gauze, above 
which is a cylinder D. The positive electrode P surrounds this 
cylinder. When electrolysis occurs the caustic soda decomposes, 

NaOH = Na + OH. 

The sodium collects at the negative electrode and rises into the 
cylinder D, whence it is removed from time to time by ladles. The 
hydroxyl at the positive electrode forms water and oxygen, 

40H « 0, + 2HaO, 
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which latter gas escapes from an exit hole. The water dissolves in 
the melted caustic soda and in consequence a good deal of hydrogen 
is formed and escapes by a second exit pipe provided above the 
cylinder D. 

The efficiency of the Castner process is not very high, and the 
electrolysis of fused sodium chloride is now a favoured method in 
the U.S.A. and Germany. The Downs cell is shown in Fig. 71a. 
The electrolyte is a mixture of fused sodium chloride with potassium 
chloride and fluoride. This mixture is fluid at 600° C., whereas pure 


CHLORINE 

Jc^ 



Fio. 71a. — Downs cell for manufacture of sodium. 


sodium chloride fuses about 800° C. The chlorine is formed at the 
carbon anode A and escapes through the pipe P. The sodium rises 
from the cathode C into the ring-shaped inverted trough T whence 
it is forced by the pressure of the fused sodium chloride into the 
receptacle D. The efficiency is about 70 per cent, higher than that 
of the Castner cell. 
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224. Properties. — ^Sodium is a white lustrous metal. As usually 
seen it is coated with hydroxide, but a freshly cut surface is silvery 
white. The metal is very soft, being readily cut with a knife, and 
at ordinary temperatures can be moulded with the fingers. It is 
lighter than water (D = 0*97). Sodium melts at 97*6® C. and boils 



Fig. 72. — Castner process for manufacture of sodium. 


at 784-2® C. Its vapour is probably monatomic. Its specific heat is 
0*28 at 0® C. The metal is a very good conductor of electricity. 

Sodium reacts with oxygen, burning readily in air, forming sodium 
oxide and peroxide. 

4Na + 02 = 2Na20 
2Na + 02 = Na202. 

The flame has a brilliant yellow colour. The spectrum of sodium 
shows the famous D lines in the yellow, which are used as the 
standard of wavelength in spectroscopy. It burns when heated with 
the halogens, phosphorus and sulphur, forming the halides NaCl, 
NaBr, etc., the phosphide NagP, and various sulphides (q.v.). 
Sodium combines also with hydrogen at 360®, forming a rather 
unstable hydride, NaH. 

Sodium reacts with the majority of oxides. Thus it decomposes 
•water energetically, forming sodium hydroxide and hydrogen, 

2Na + 2 H 2 O == 2NaOH + Hg. 

The metal melts and travels as a globule over the surface of the 
water. The hydrogen does not catch alight unless large pieces of 
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is hoatod and agitated with slaked lime, made by immersing lumps of 
quicklime in the liquor. After settling, the clear solution of caustic 
soda is run off from the sediment of calcium carbonate, evaporated 
considerably in iron pots, and then allowed to cool. Sodium carbonate, 
sulphate, etc., crystallise out and the remaining liquid is then 
evaporated till steam ceases to be evolved. The liquid, consisting of 
melted caustic soda, is run off into iron drums. 

230. Preparation of Caustic Soda by Electrolsrtic Methods. — ^The 
principle of this process is indicated in Chapter VI. When an electric 
current is passed through a solution of sodium chloride, metallic 
sodium is produced at the cathode and chlorine at the anode. The 
sodium reacts with the water present, forming caustic soda and 
hydrogen. 

NaCl = Na + Cl 
2Na + 2 H 2 O = 2NaOH + Hg. 

The practical difficulty of the process lies in the separation of the 
caustic soda from the sodium chloride present. 

Two chief types of cell are used in making caustic soda by the 
electrolysis of sodium chloride. 

(1) Cells in which the anode and cathode are separated by a 
porous diaphragm. 

(2) Cells using a mercury cathode. 

(1) Diaphragm Cells , — The most important of these is probably 
the Nelson cell, a modification of the Hargreaves-Bird pattern. 
Several other patterns are used but are not very different in 
principle. 

An inner U-shaped cell C, with a wall of porous asbestos, contains 
a graphite anode A, connected to the positive electrical supply. 
The porous ^sbestos diaphragm (P) is directly in contact with the 
perforated cathode S, connected to the negative main. ^ Brine 
runs into the cell C, and is kept at a constant level by an auto- 
matic arrangement. It percolates by gravity through the asbestos 
diaphragm and is electrolysed while doing so. Chlorine appears at 
the 

NaCl == Na + Cl 
Cl + Cl == Clgf 
2Na + 2 H 2 O == 2NaOH + 

anode A, and passes out of the cell, while the resulting caustic soda 
solution percolates through the perforated steel cathode (S) and 
passes away along the bottom of the outer casing. The outer casing 
is kept full of steam, which heats the liquor and reduces its resist- 
ance, and also promotes the removal of the caustic soda from the 
pores of the diaphragm. The liquor so obtained is evaporated and 
caustic soda is obtained. The caustic soda is apt to contain some 
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undecomposcd chloride. The cells have a very high efficiency, 
turn about 90 per cent, of the electrical energy of current passing 
into chemical energy. 

The drawing (Fig. 73) is a section. In fact, the cell contains up 
to twenty anodes in line and has the form of a 
long U-shaped trough. 

(2) Mercury Cathode Cells , — Cells of these 
patterns produce caustic soda of very high 
purity, but at a greater cost than that in- 
volved in the use of the diaphragm cells, for, 
though using current very efficiently, great 
quantities of mercury are required. Thus a 
plant utilising 6,000 h.p. requires about 72 tons 
of mercury which, although not used up, repre- 
sent a capital value which causes an appreciable 
addition to the cost of the material made. 

The modem type of cell (Fig. 74) has a 
number of carbon anodes and a cathode con- 
sisting of a stream of mercury flowing con- 
tinuously along the bottom of the cell. Brine 
flows slowly through the cell. Electrolysis 
takes place. Chlorine is evolved at the carbon anodes, while 
sodium is liberated at the mere iry cathode and dissolves in the 
mercury. The mercury leaving the cell and containing dissolved 
sodium flows into a trough through which water is circulated ; 
the sodium reacts with the water, giving sodium hydroxide and 



Fio. 73. — Nelson elec- 
trolytic cell for 
caustic soda. 



hydrogen. The solution of sodium hydroxide is concentrated and 
allowed to solidify. The mercuiy freed from sodium is returned to 
the electrolytic cell. 

281« Properties of Sodium Hydroxide.— Sodium hydroxide is a 
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white solid. It is usually sold as sticks or powder. It has, in weak 
solution, the characteristic soapy taste and feel of an alkali. Strong 
solutions and the solid are very corrosive, attacking and dissolving 
the skin, or, if swallowed, damaging the membranes of the throat 
and stomach. Care should therefore be taken in sucking up strong 
caustic soda with the pipette, for fatalities have occurred through the 
liquid being swallowed. The name, “ caustic ** soda, was given to 
the substance on account of its power of dissolving organic matter 
of most kinds. Sodium hydroxide melts at 318® C. to a clear 
liquid. The solid is very hygroscopic. If exposed to the air it 
deliquesces to a strong solution which, absorbing carbon dioxide 
from the air, later dries up to transparent crystals of sodium cai- 
bonate decahydrate, which finally effloresce. 

Caustic soda is one of the most soluble of substances. Much heat 
is evolved when it dissolves in water. At 0° C. 100 gms. of water 
dissolve 42 gms. of caustic soda, and at 110° C., 365 gms. There are 
several hydrates, the only one stable between 12° C. and 62° C. being 
NaOH . H 2 O. 

Sodium hydroxide is a strong alkali, ix., it is largely dissociated 
in solution. 

NaOH^Na+ + OH- 

A A/ 10 solution is almost completely dissociated. Its solutions are, 
accordingly, excellent conductors of electricity. 

Sodium hydroxide is only slightly soluble in alcohol, in contra- 
distinction to caustic potash, which is highly soluble. 

Sodium hydroxide is very stable and is not decomposed by heat. 
It has the typical properties of an alkali (§ 168). Thus it turns 
litmus blue, and reacts with even the weakest acids and acidic 
oxides, forming sodium salts and water. 

With salts of all metals except the alkali metals, it precipitates 
the hydroxide of the metal concerned. These hydroxides often 
redissolve in excess of caustic soda (cf. § 484). In addition 
to these properties, common to all alkalis, we may mention its 
reactions with many of the elements. The usual reaction of caustic 
soda with an element is to form the sodium salt of an oxyacid con- 
taining the element and also hydrogen^ or if such exists, the hydride of 
the element or a salt formed from this hydride and caustic soda. Thus, 
consider the reactions listed below and further discussed under the 
headings of the elements concerned : — 

2NaOH + Si + HjjO = Na^SiOg + 2Ha 
3NaOH + 4P + 3HaO = SNaHaPOg + PHg 

6NaOH + 12 s = NagSA + + SHgO ^ 

^ The reaction is more complex than is here represented. 
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2NaOH + CI 2 = NaOCl + NaCl + HgO 1 
6NaOH + 3 CI 2 = NaClOg + SNaCI -f 3H,0 
2NaOH + 2A1 + 2 H 2 O == 2NaA102 + 3 H 2 
2NaOH + Zn = Na2Zn02 + Hg. 

Most metals are attacked by fusion with cafistic soda in presence 
of air. ( Nickel is least affected. Sodium hydroxide in solution has 
an appreciable action upon glass and porcelain. Fused caustic soda 
attacks these substances vigorously, and alkali fusions are therefore 
conducted in silver or nickel vessels. 

232. General Properties of Sodium Salts. — ^Sodium salts are colour- 
less unless combined with some coloured acid. They are not, in 
general, poisonous and are, for the most part, very soluble in water. 
The pyro-antimonate and sodium magnesium uranyl acetate 
(p. 286) are among the few insoluble salts of sodium. Sodium salts 
show a tendency to crystallise with much water of crystallisation. 
Sodium compounds colour the Bunsen flame a brilliant and pure 
yellow. 

SODIUM SALTS 

Sodium Hydride NaH is made by heating the melted metal in a 
current of hydrogen. It is a solid which dissolves in water, giving 
caustic soda and hydrogen. 

Sodium Borates, — These are discussed under the heading of Boron 
(§ 469). They include the salt sodium tetraborate or borax^ which is of 
great commercial importance. 

233. Sodium Carbonate, NagCOg. — Sodium carbonate has been 
known since remote times (§ 222) and has through all history 
possessed practical uses which have caused it to be a valuable 
article of commerce. Sodium carbonate is made commercially in 
very great quantities by four methods : 

(1) From naturally occurring soda. 

(2) By the Leblanc process, which is gradually becoming obsolete. 

(3) By the ammonia-soda or Solvay process. 

(4) From electrolytic caustic soda. 

234. Native Soda. — An important source of soda supply is 
native sodium carbonate found in solution and as dry deposits 
around and in certain lakes in various parts of the world, notably at 
Magadi, in British East Africa, and also in Lower Egypt, and in 
California. 

Some 200 million tons of native soda are contained in the Magadi 
deposits. This is calcined, and the anhydrous sodium carbonate is 
exported. Native soda suffers from the high cost of freight, but 

^ Bromine and iodine react similarly. 
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in the opinion of some experts it is possible that it may largely 
displace artificially-produced soda. 

235. The Leblanc Process. — ^The Leblanc or black-ash process 
is no longer in use in this country, having been ousted by the develop- 
ment of the ammonia-soda and electrolytic processes and also by 
the manufacture of hydrochloric acid from electrolytic chlorine 
(§§ 2.30, 1053), of which the supply often exceeds the demand. 

The process took place in two stages (§ 1052). First of all, sodium 
chloride, common salt, is treated with sulphuric acid, forming at first 
sodium hydrogen sulphate and hydrogen chloride. The sodium 
hydrogen sulphate combines at a red heat with more sodium 
chloride, forming normal sodium sulphate and a further quantity of 
hydrochloric acid, 

NaCl + H2SO4 = NaHS04 + HCl 
NaCl + NaHS04 = Na2S04 + HCL 
The hydrogen chloride is dissolv^ed in water and sold as hydrochloric 
acid. 

The sodium sulphate is then ground and mixed with its own 
weight of chalk and half its weight of coal and coke, and fused in a 
rotating furnace. The sulphate is reduced to sulphide, which then 
reacts with the calcium carbonate, forming sodium carbonate and 
calcium sulphide, 

Na 2 S 04 + 20 = NagS + 200^ 

NagS + CaCOa = NagCOg + CaS. 

The mixture of sodium carbonate and calcium sulphide is extracted 
with water and the sodium carbonate is crystallised out. The 
insoluble calcium sulphide, known as alkali waste, may be treated 
for recovery of sulphur (§ 883). 

236. The Ammonia-Soda Process. — The Solvay or ammonia-soda 
process depends upon the comparatively small solubility of sodium 
bicarbonate. The method involves three stages : — 

(1) Brine is saturated with ammonia gas and also with carbon 
dioxide. The latter two gases form ammonium bicarbonate, 

NH3 + H2O + CO2 = NH4 . HCO3. 

The ammonium bicarbonate and the sodium chloride of the brine 
undergo double decomposition. 

NH4 . HCO3 + NaCl ^ NH4CI + NaHCOal 
forming ammonium chloride and sodium bicarbonate, which latter 
salt is precipitated, being only sparingly soluble. 

(2) The sodium bicarbonate is calcined, forming sodium car- 
bonate, carbon dioxide and steam. 

2 NaHC 03 = NaaCO, + HgO + CO*. 
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If crystallised soda is required the product is recrystallised from 
water. 

(3) The ammonium chloride is reconverted into ammonia by 
heating it with lime, 

2NH4CI + Ca(OH)2 == 2NH3 + CaClg + 2H2O 
The ammonia being used over and over again, the only materials 
actually used up are chalk and salt, while the waste product is 
calcium chloride. The latter product is of little value, and the fact 
that in this process the chlorine of the sodium chloride is lost renders 
it open to severe competition from the electrolytic process. 


Raw Matcrialt 



Fio. 76. — Solvay Process. Raw materials, intermediates, and final 

products. 

The actual process is carried on in six chief stages. 

(1) Raw Materiala , — Brine is usually obtained by direct pumping 
from the mine. A concentrated solution containing about 30 gms. of 
salt per 100 c.c. is required. 

Carbon dioxide is obtained by heating limestone in kilns. In this way 
carbon dioxide is obtained for stage 3 and lime for stage 6. 

CaCO, CO, + CaO. 

(2) Production of Amrnoniacal Brine , — Ammonia gas obtained in 
stage 6 of the process is made to pass up a tower, shown in Fig. 76, 
down which the brine is flowing. The arrangement of cast-iron 
** mushrooms and overflow pipes, as shown, ensures that the ammonia 
gas comes into good contact with the brine. The brine is cooled by 
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means of cold water pipes, for the combination of ammonia with water 
produces much heat and hot water dissolves less gas than cold. 

(3) The brine, containing c. 28 per cent, of sodium chloride and about 
7 '6 per cent, of ammonia, is allowed to deposit any precipitated calcium 
carbonate (cf. § 200 (a), on hardness of water), and is then run down a 
Solvay tower (Fig. 77), where it passes over a series of serrated mushroom- 



shaped plates. Carbon dioxide prepared in stage 1 is pumped up the 
tower and the reactions, 

NH4OH + COg = NH4HCO3 
NH4HCO, + NaCl ^ NH.Cl + NaHCO.I 

take place. The liquor runs out at the bottom of the tower, carrying 
with it the fine crystals of sodium bicarbonate. 

(4) The liquid consists of a suspension of solid sodium bicarbonate 
in a solution containing various salts, but notably ammonium chloride. 
It is filtered by vacuum and the bicarbonate washed free from other 
salts as far as is economically possible. 

(5) The sodium bicarbonate is calcined in two stages. First, the 
adherent ammonia and most of the combined carbon dioxide is diiven 
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off by gentle heating in a closed pan furnished with a gas exit. The 
gases ai'o used again in stages 2 and 3. 

2NaHC03 = NajCOg + COa 4 - HaO. 

The last traces of carbon dioxide are removed by mechanically raking 
the partly roasted carbonate through a deep and long iron trough heated 
by fire beneath. 

(6) The residual liquor containing the ammonium chloride (stage 4) 
is mixed with milk of lime obtained by slaking the lime obtained in (1). 
Ammonium hydroxide is formed and remains in solution, 

Ca(OH)a + 2NH4a = 2NH4OH + CaCla. 

The liquor is run down a tower somewhat resembling the carbonator 
tower (Fig. 76) up which steam is blown. The current of steam may 
be so arranged that almost all the steam condenses, raising the liquor to 
100® C., and so volatilising the ammonia. This, with some steam, passes 
out of the top of the tower and so passes to the ammonia absorber 
(stage 2). 

287. Electrolytic Process. — The electrolysis of sodium chloride 
solution (§ 230) yields caustic soda and chlorine. 

The former is now frequently converted into sodium carbonate by 
the action of carbon dioxide, 

2NaOH + CO 2 = NagCOg + HgO. 

The chlorine is either used for bleaching powder or may be con- 
verted into hydrochloric acid by combining it with the hydrogen 
r)btained at the cathode of the electrolytic cell (f. pp. 687, 692). 
Where electrical energy is cheap, as in America, the process is an 
ideal one ; for there are no waste products. 

Sodium chloride solution is electrolysed in a cell of the diaphragm 
type such as that shown in Fig. 73. The caustic soda formed is 
converted into sodium carbonate by passing crude carbon dioxide 
(furnace gases, gas engine exhaust, etc.) through the liquid. A 10 per 
cent, solution of sodium carbonate containing a little salt is obtained 
and is purified by crystallisation. 

238. Purification of Sodium Carbonate. — Impure sodium carbonate 
may be purified by dissolving it and adding a little lime. This reacts 
with the sodium carbonate, forming caustic soda, which then removes 
any bicarbonate present. 

NagCOj + Ca(OH)a = CaCOg + 2NaOH 
NaHCOa + NaOH = NagCOa + HjO. 

The solution is recrystallised several times to remove sulphates, 
chlorides, etc. 

Pure anhydrous sodium carbonate is best made by washing sodium 
bicarbonate to remove soluble impurities, drying it and heating to 
200-300® C. until no further change of weight occurs. 

2 ]SIaHCOa *= NajCOa + HjO + COj. 

239* Properties of Sodium Carbonate.— Sodium carbonate exists 
as anhydrous salt and also as a monohydrate and decahydrate 
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Two heptahydrates also exist, one of which is unstable and the other 
stable only between 30° C. and 37*5° C. 

Anhydrous sodium carbonate is a white solid, which melts at a 
red heat (850° C.). It combines with water, becoming hot and 
forming the monohydrate. 

When crystallised from water in the ordinary way (below 32*0° C.) 
the decahydrate NagCOg . lOHgO (soda crystals, washing soda) is 
formed in large transparent crystals. This salt is efflorescent, 
gradually forming the monohydrate when exposed to air ; long 




Gms. Ntt 2 C 03 pen 100 Gms. water. 

Fig. 78. 

exposure to air produces some bicarbonate. When heated it melts 
at 35° C., and on further heating deposits the monohydrate. 

Sodium carbonate heptahydrate NajCOj . THgO. 

The following method may be used to make the heptahydrate. 
Forty parts of the decahydrate are boiled in a flask with 8 to 10 parts of 
water till all is dissolved and no monohydrate deposited. The flaslc is 
closed with a cork fitted with two glass tubes. Alcohol is poured in 
above the salt. As the alcohol diffuses into the liquid, rectangular 
plates of the salt crystallise out. The salt is stable between 30° C. and 
37-6° C. only. 

The relationship of the hydrates and their solubilities are illus* 
trated by the diagram. 
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Sodium carbonate has the usual properties of carbonates (§ 567), 
but, together with the carbonates of potassium, rubidium, and 
caesium, is exceptional in that it is soluble in water and is not 
decomposed by heat. 

The solution is strongly alkaline on account of the hydrolysis 
of the salt (§ 121). 

Sodium carbonate ionises, forming sodium and carbonate ions, 
NajCOa ^ 2Na+ + CO 3 — . 

The latter combines with some of the hydrion furnished by the water, 
forming the weak acid, carbonic acid, 

CO 3 -- + 2H+ H 3 CO 3 . 

But the quantities of hydrion and hydroxyl ion in water are given by 
[H+] [OH-] = 10-1*, 

and so the removal of hydrion results in the liberation of hydroxyl ion 
OH” and the solution reacts alkaline. 

Sodium carbonate is used to poften water on a domestic scale. 
The alkaline properties of its solution give it an emulsifying action 
on grease and make it a valuable cleaning material. Other uses 
arc found for the salt in glass making, the manufacture of borax 
and “ water-glass,’’ It enters into the composition of many soap- 
powders. 

240. Sodium Bicarbonate NaHCOs formed in the Solvay process, 
and may also be made by passing a stream of carbon dioxide through 
concentrated solution of normal sodium Carbonate. The bicarbonate, 
which is much less soluble than the normal salt, is precipitated, 

NaaCOj + HgCOg = 2 NaHC 03 . 

Sodium bicarbonate forms white crystals of a pleasant alkaline 
taste. One hundred grams of water dissolve only 8*2 gms. of the 
salt at 10® C. At 100° C. the salt decomposes, forming carbon 
dioxide and the normal carbonate. 

Sodium bicarbonate solution is slightly alkaline, owing to hydro- 
lysis. The reasons for this behaviour are the same as those given 
under sodium carbonate (§§ 121, 239). It is interesting that 
we have in sodium bicarbonate an acid salt with an alkaline reaction. 

241. Sodium cyanide. — Sodium cyanide is prepared on the large scale 
from coal gas and also from sodium, ammonia and carbon. 

Coal gas in its crude condition (§§ 546, 660) contains hydrocyanic acid, 
HCN. One of the best processes for converting this into sodium 
cyanide is the following : The hydrocyanic acid and the ammonia in 
the gas are absorbed by solutions of copper salts, forming ammonium 
ouprocyanide, (NH 4 ) 2 Cu(CN),. 
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This is treated with dilute sulphuric acid, and hydrocyanic acid is 
liberated and is absorbed in caustic soda, forming sodium cyanide, 

(NH 4 )aCu(CN )3 + H 3 SO 4 = (NH 4 ) 3 S 04 4- 2HCN + CuCN 
NaOH + HCN = NaCN + HgO. 

Insoluble cuprous cyanide CuCN is precipitated and is returned to the 
absorber, where it again forms fresh cuprocyanide, 

2 NH 3 + 2HCN 4- CuCN == (NH 4 ) 2 Cu(CN) 8 . 

HgS does not interfere, for cuprous sulphide itself reacts to form the 
cuprocyanide. About 2 lbs. of sodium cyanide per ton of coal can be 
obtained. Another process for recovery of cyanides from coal gas is 
described in § 550. 

Most of the world’s cyanide is prepared by the action of sodamide 
(p. 268) on rod-hot charcoal. 

Melted sodium is treated with ammonia at low temperatures 
(300-400° C.) and the sodamide obtained is run on to red-hot charcoal, 
forming the cyanide. The reactions are : — 

(1) Formation of sodamide, 

2Na 4- 2NH3 = 2NaNH2 + H^. 

(2) Reaction of this with carbon to form sodium cyanamide, 

2NaNH2 4- C = NagN . CN + 2 H 2 . 

(3) Reaction of the sodium cyanamide with carbon, forming 
sodium cyanide, 

NagNCN + C = 2NaCN. 

A certain amount of crude cyanide suitable for gold recovery 
(§ 324) is made by fusing crude calcium cyanamide (nitrolim) with 
common salt or sodium carbonate, 

CaCNa 4- C 4“ 2NaCl = 2NaCN 4- CaClg. 

The properties of sodium cyanide are discussed in § 575. 

Like all sodium salts of weak acids, it is strongly hydrolysed. Its 
solution is, therefore, strongly alkahne and smells of hydrocyanic 
acid. Like all cyanides, it is very poisonous. 

242. Salts of Sodium and Nitrogen. — Sodium nitrite NaNOs 
prepared commercially by reducing sodium nitrate with carbon and 
lime. Many other oxidisable substances, such as lead or iron, may 
replace the carbon and lime, and it is produced, though less readily, 
by heating sodium nitrate alone, 

2 NaN 03 = 2NaN02 + Og 

2NaN08 + 0 4“ Ca(OH)a = 2NaNOa 4- CaCOg + H2O. 

The addition of Ume removes the carbon dioxide as soon as formed. 

Sodium nitrite forms white crystals when pure but is usually 
slightly yellow. It is very soluble in water, 100 gms. of which dis- 
solve 83*3 of the salt at 15^ C. Its reactions are discussed in 
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§ 732, It finds considerable use in the manufacture of dye- 
stuffs. 

Sodium Nitrate NaNOg. — This salt occurs naturally in vast 
quantities in Chili, associated with some 30 to 60 per cent, of clay, 
etc., from which it is freed by recrystallisation. The origin of the 
deposits is obscure, but possibly they are derived from the decay 
of masses of seaweed. 

It forms white, somewhat hygroscopic, crystals, very soluble in 
water. At 20® C. 100 gms. of water dissolve 88 of the salt, and at 
100® C., 175*5 gms. Its properties resemble, in general, those of the 
other nitrates of the alkali metals, and are discussed on in § 750. 

Enormous quantities are used in 
agriculture as a fertiliser, and also in the 
chemical industry for the manufacture 
of sodium nitrite, nitric acid and potassium 
nitrate. 

Sodium amide or sodamide NitNIIg is pro- 
duced by passing a stream of dry ammonia 
gas over metallic sodium at 300°*-400°, con- 
tained in an iron vessel. Sodium is heated 
in an iron vessel surrOimdod by a porcelain 
outer vessel, through which a current of dry 
ammonia gas is passed. The reaction 

2 Na + 2 NH 3 = 2 NaNH 2 + 

takes place, and in the course of some hours 
pure sodamide only remains. 

Sodamide is a waxy solid, white when 
pure. When heated it melts at 210° C. 

Sodamide is decomposed by water, yielding 
caustic soda and ammonia, great heat being 
evolved, 

NaNHa -f H^O = NaOH + NH 3 . 

Heated in a current of carbon dioxide it yields sodium carbonate and 
cyanamide, 

2NaNH2 + 2 CO 2 = Na2C03 -f HjO + CN . NHj. 

Heated in a current of nitrous oxide it yields sodium azide, 

NaNHa + Nfi = NaN, -f HaO 

243. Phosphates 0 ! Sodium. — Several sodium phosphates exist 
(v. p. 561). 

Normal sodium orthopho82)hqte Na 3 P 04 is usually made by the 
action of the theoretical quantity of caustic soda upon disodium 
hydrogen phosphate, 

NagHP04 -f NaOH ^Na3P04 + H3O. 

Solutions of normal sodium phosphate are strongly alkaline as a 



sodamide. (Wohler and 
Stang-Limd, 1918.) 
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result of the hydrolysis indicated by the reversible character of the 
above reaction (v. § 121). 

Disodium hydrogen phosphate is usually met with as the dodeca- 
hydrate Na2HP04 . I2H2O. It is made by the neutralisation of 
phosphoric acid, employing phenolphthalein as an indicator. It 
forms white crystals soluble in water. One hundred grams of water 
dissolve 3*5 gms. at 10® C,, and 102 gms. at 100® C. Several hydrates 
exist. When heated, disodium hydrogen phosphate yields sodium 
pyrophosphate^ 

2 Na 2 HP 04 = Na 4 P 207 + HgO. 

Its solutions are very slightly acid, being acid to phenolphthalein 
but alkaline to methyl orange (pH value, c. 4*5). 

Sodium dihydrogen orthophosphate NaH2P04 forms a monohy- 
drate and dihydrate. It is made by the action of phosphoric acid 
on disodium hydrogen phosphate. 

H3PO4 + Na2HP04 = 2NaH2P04. 

It forms white, very soluble crystals, which 3deld an acid solution. 
When heated carefully sodium hydrogen pyrophosphate Na2H2P207 
is obtained. 

244. Sulphides of Sodium. — It is certain that several of these 
exist, the compounds NaSH, NagS, NagSg, NagSj, NagSg having been 
prepared. 

Sodium Hydrosulphide NaSH. — Sodium hydrogen sulphide exists in 
a solution of sodium hydroxide saturated with hydrogen sulphide, 

2NaOH + HjS = Na^S + 2 H 2 O 
NajS + HgS == 2NaSH. 

The solid can be prepared by the action of hydrogen sulphide on sodium 
ethoxide, 

H,S + NaOC^Hg = NaSH -f HOCgHj, 

the solid salt being precipitated by addition of ether. It is a white 
deliquescent solid and has the usual properties of a sulphide. 

When heated it forms sodium monosulphide. 

Sodium monosulphide NajS is formed by the action of hydrogen 
sulphide on caustic soda. 

2NaOH + HjS = Na^S + 2 H 2 O. 

The solid salt is best made by heating sodium hydrogen sulphide, 
2NaSH = NajS + HjS. 

On the industrial scale it is made by heating sodium sulphate with coal, 

NaaSO* + 4C = NajS + 4CO. 

It is a faintly buff-coloured solid, which forms numerous hydrates with 
water. Its solutions are strongly alkaline owing to hydrolysis and have 
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the odour of hydrogen su]x>hide (v. § 121). It has the usual properties 
of a sulphide (§ 906). 

Sodium Polymlphides (NajSn when n is 2-6). There is a good deal of 
doubt as to what polysulphides actually exist. As many as nine 
different compounds have been prepared, but probably some of these 
are only mixtures of sodium pentasulphide and sodium monosulphide. 
These salts are formed by melting sodium with sulphur, 

2Na -f 3S = NajSj, 
or by boiling sulphur with caustic soda. 

6NaOH + 12S = NaaS^Oa + 2NaaS6 + SHgO, 
or by heating sodium monosulphide with sulphur, 

NajS + 4S = NagSg. 

The polysulphides are yellow in colour. In air they oxidise to 
thiosulphates and deposit sulphur, 

2NaaS5 -f = 2NaaSa08 + 6S. 

Treated with acids they form hydrogen persulphide or hydrogen 
sulphide and sulphur (v. § 907). 

Uses. — Sodium monosulphide is considerably used in the dye industry 
for preparing the very fast “ sulphide ” dyes. It is also employed for 
stripping the hair from hides. 

245. Sulphites of Sodium. — Sodium sulphite NagSOg. The 
form of this salt commonly met with is the heptahydrate 
NagSOg . THgO. It is made hy the action of sulphur dioxide on 
caustic soda solution, the action being stopped when the solution 
becomes neutral, 

2NaOH + SO 2 = NagSOa + HgO. 

It forms colourless monoclinic crystals soluble in water (100 gms. 
water dissolve 20*0 gms. anhydrous salt at 10-5° C.). 

In its chemical behaviour it resembles the other sulphites 
(§ 917). 

Sodium hydrogen sulphite NaHSOg is formed when sodium carbonate 
solution is saturated with sulphur dioxide, 

NajCOa + 280* + H*0 = 2NaHS03 + 

Sodium pyrosulphite or meta-bisulphite NajSjOs is formed also under 
the above conditions and separates out whf>»> the solution is kept cold, 

Na^CO, 4- 280* = NajSgOg + CO*. 

It behaves like an acid sulphite and is used in photography. 

Sodium potassium sulphite NaKSO* can be prepared by the action 
of (a) sodium hydrogen sulphite on potassium carbonate, and 
(6) potassium hydrogen sulphite on sodium carbonate, 

(а) 2NaH808 + K*CO* = 2NaKS03 -f H.O -f CO*. 

(б) 2KHSO3 4- Na*COa « 2KNaJS03 + H*0 4* CO*. 

Rdhrig and Schwicker claimed to have isolated two difierent com* 
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pounds by methods (a) and (6). 
formulse. 


80 ,<^ 


OK 

Na 


These they supposed to have the 



This work has, however, been disproved (§ 916). 


246. Sulphates of Sodium. — Sodium sulphate Na2S04. Normal 
sodium sulphate exists as the anhydrous salt Na2S04, the unstable 
heptahydrate Na2S04 . THgO, and the decahydrate Na2S04 . lOHgO. 
The latter substance is known as Glauber’s salt, having been dis- 
covered by the ‘ iatro-ohemist ’ Glauber in the seventeenth century, 
and used by him medicinally as a purgative. 

Anhydrous sodium sulphate is made by the method described in 
§ 1052. It is also prepared from the salts present in the Stassfurt 
deposits. 

The insoluble residues from the manufacture of potassium chloride 
from camallite (§ 266) contain much magnesium sulphate in the form 
of kieserite MgS04, and also some common salt. These residues are 
dissolved in hot water and common salt added. In consequence of 
the double decomposition, 


MgS04 + 2NaCl = Na2S04 + MgCl^, 

hydrated sodium sulphate Na2S04 . lOHgO crystallises out, being 
less soluble in cold water than any of the other salts concerned 
in the reaction. 

Anhydrous sodium sulphate is a white solid unaffected even by 
strong heating. Below 32-4® C. it combines with water, forming 
the decahydrate, and above that temperature the decahydrate 
decomposes and forms the anhydrous salt. The solubilities and 
transition points are shown in the solubility curve (Fig. 31). 

The decahydrate forms long colourless crystals. It readily forms 
supersaturated solutions. The heptahydrate, which is always 
unstable in presence of the decahydrate, but is stable by itself, is 
formed by cooling such a supersaturated solution to 6® C. 

Sodium sulphate has the usual properties of sulphates (§ 938). 
It is reduced to the sulphide when it is heated with char- 
coal. 

Hydrated sodium sulphate is used in medicine and in freezing 
mixtures. It is also used in the manufacture of glass (q.v,). It is 
also employed in large quantities for making the brown paper pulp 
used for the very strong kraft-papers. The wood is boiled with 
sodium sulphate, which is partly reduced to sulphides, etc. 

Sodium hydrogen auipheUe^ sodium bistUpheUe, NaHS04 is made 
by the action of sulphuric acid on common salt at ordinary tern* 
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peratures, or by mixing the correct proportions of dilute sulphuric 
acid and caustic soda solution and crystallising the solution, 

NaCl + HjjS 04 == NaHS04 + HCl 
NaOH + H2SO4 = NaHS04 + HgO. 

Sodium hydrogen sulphate is a white solid, which is found either 
as small crystals of the monohydrate NaHS04 . HgO, or in the 
anhydrous state. 

When heated it melts at about 300® C., and near a red heat it 
decomposes, forming sodium sulphate and sulphuric acid, 

2NaHS04 = Na2S04 + H2SO4. 

In solution it behaves like a mixture of sodium sulphate and 
sulphuric acid, since it ionises, forming sodium ion, hydrion, and the 
sulphate and acid sulphate ions, 

NaHS04 ^ Na+ + HSO4- ^ Na+ + H+ + 804—. 

In industry it is a by-product of nitric acid manufacture (§ 736). 
It is used in the manufacture of hydrochloric acid (§ 1052). 

In the laboratory, sodium hydrogen sulphate can be used in place 
of sulphuric acid at temperatures above the boiling-point of the 
latter. Thus certain oxides, such as aluminium oxide, which are 
hardly attacked by sulphuric acid, may be converted into sulphates 
by fusion with this salt, 

AI 2 O 3 + 6 NaHS 04 == Al 2 (S 04)3 + 3Na2S04 + 3 H 2 O. 

The fused salt has also been used as a heating bath for determining 
the melting points of substances melting above c. 350® C. 

Sodium persulphate NagSgOg. — Solutions may be prepared by 
electrolysis of concentrated sodium sulphate solution (v. § 946). 
The solid salt can be made by the action of sodium carbonate on 
ammonium persulphate. 

Sodium thiosulphate Na2S203 . 6H2O is prepared as described in 
§ 924. It forms colourless crystals very soluble in water, 65 gms. 
dissolving in 100 gms. of water at 15® C. 

When heated it first gives off water of crystallisation, and then 
decomposes above 200® C. to sodium sulphate and pentasulphide. 

4Na2S203 = NagSfi + 3Na2S04. 

Its use in photography is described in § 318. 

Sodium Ohlobidb. 

247. Occurrence and Manufacture. — ^This salt has, of course, been 
known since the most ancient times. It occurs in all animal fluids 
to the extent of some 2*5 per cent. Sodium chloride is found native 
as rock salt or halite. This material varies from transparent colourless 
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cubic crystals to a reddish or brownish mass containing a certain 
amount of insoluble impurity, chiefly iron oxide. Deposits of rock 
salt are found in many parts of the world. In Great Britain, the 
deposits at Northwich, in Cheshire, are the most important. On 
the Continent, the deposits at Stassfurt are very extensive, while 
another important mine is at Wieliczka, in Galicia. 

These salt deposits arise from the drying up of inland seas, lagoons 
or salt lakes. It has proved difficult, however, to reconcile the great 
depth of these deposits, 2,000 feet or more in the case of the Stass- 
furt deposits, with the drying up of a simple salt lake, for even sup- 
posing the water to have been as salt as that of the Dead Sea, 
2,000 feet of salt imply about two miles depth of water. The most 
likely explanation is that an inland lagoon existed separated from 
the open sea by a bar, over which sea water broke in stormy weather. 
In this way the lagoon would be refilled yearly with sea water in 
the winter storms, while the evaporation of summer would deposit 
yearly a layer of salt. We must suppose that a slow geological 
subsidence lowered the lagoon bottom a few inches yearly, and that 


\y 


Fia. 80. — Formation of salt beds. 

there accumulated in this way first a deposit of the least soluble 
salts in sea water, such as gypsum, and then a vast deposit of salt. 
The more soluble and less abundant salts would remain in solution 
to the last, and we would therefore find, as at Stassfurt, a layer of 
salt below covered with magnesium and potassium salts above. 

The process has probably often also been complicated by inter- 
vening upheavals of land. 

Salt occurs also in sea water, the average content of which is 
2-5 to 3 per cent. Salt lakes such as the Dead Sea and the Great 
Salt Lake of Utah contain much more salt. The former contains 
some 22 per cent., and the latter as much as 30 per cent. 

248. Manufacture of Common Salt. — Salt is either mined or 
extracted from deposits as brine, or obtained from sea water by 
evaporation. 

Salt from Salt Mines . — Salt as obtained by mining is usually im- 
pure, containing magnesium and calcium salts, iron oxide, etc. It 
is used in the impure state fot some purposes, but is usually purified 
by solution in water and crystallisation by the method described 
below. 
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At Droitwioh, water has access to the salt deposits, and a highly 
concentrated solution of salt is pumped to the surface. In other 
mines water is allowed to flow into the deposit and the strong salt 
solution (26 per cent.) is pumped up. 

The solution of salt so obtained contains some magnesium and 
calcium salts, and these are removed by crystallisation. 

The solution is run into a series of rectangular iron tanks set over 
a single flue. The tank nearest the fire is the smallest, and they are 
made progressively larger as they are further from the fire. The 
first pan boils, and very small crystals of salt are deposited. These 
are fished out with shovels and placed, while hot and wet, in wooden 
moulds. On cooling, the further crystallisation of the mother 
liquor with which the salt is wet causes the crystals to bind into the 
familiar blocks of culinary salt. Good qualities of table salt are 
mixed with a little bone-ash, which prevents the clogging of the 
crystals when exposed to damp air. 

The next pan, the temperature of which is about 60 to 
80 degrees, gives a coarse-grained salt used in industrial work, 
while the remaining pans, at 40 to 60° C., yield successively larger 
crystals, which are required for the curing of fish and various other 
purposes. 

The magnesium salts remain in solution, while the calcium salts 
form a hard scale on the pans. 

Multiple-effect evaporators are often used. Since scale would 
seriously affect their working, the brine is softened by the addition of, 
first, lime, then sodium carbonate. When freed from calcium salts it is 
evaporated in a series of vessels so arranged that the steam from the 
first boils the liquid in the second, which is kept at a pressure lower than 
atmospheric. The steam from this second pan boils more salt solution 
in a third vessel, which is kept at a still lower pressure by a vacuum 
pump. The salt falls down the long shafts (Fig. 81), which are of such 
a length that the weight of the column of brine therein balances the 
atmospheric pressure. These multiple-effect evaporators use the 
minimum of fuel for a given amount of evaporation. 

Salt from Sea Water , — ^The composition of sea water is 


approximately : 

Water ....... 96*50 

Sodium chloride . . • , . . 2*72 

Magnesium chloride ..... 0*38 

Magnesium sulphate . . . . .0*17 

Calcium sulphate . . . . .0*13 

Calcium carbonate . * . . . . 0*01 

Potassium sulphate . . . . . 0*08 

Magnesium bromide ..... 0*01 


100*00 
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The process is practised only in countries where the sun can be 
depended on, and where there is little tide, e.^., the Mediterranean 
regions and the coast of India. A series of lagoons are made, 
bottomed with puddled clay. Sea water is run into one of these 
and allowed to evaporate until most of the gypsum and clay, etc., 
have deposited. It then passes to the second lagoon, where it 
evaporates until it contains about 25 per cent, of salt. Salt then 
deposits and is raked into heaps to drain. Occasional showers 
serve to remove the more soluble impurities, and some of these 
tend to deliquesce and drain away from the bottom of the heap. 
The mother liquors are worked for potassium salts and for bromine 
(g.v.). The salt is usually recrystallised. 

The total salt production of the world is some 20 million tons a 



Fig. 81 . — Multiple evaporators for preparation of salt from brine. 


year or about 22 lbs. per person. About two-thirds of this quantity 
is used for food. 

249. Purification of Salt. — ^For laboratory purposes salt may be 
purified by saturating a solution of ordinary salt with hydrogen 
chloride, or by adding concentrated hydrochloric acid to concen- 
trated salt solution. Salt (like most chlorides) is very much less 
soluble in concentrated hydrochloric acid (1*6 per cent.) than in 
water (36*8 per cent.) and it is accordingly precipitated. Other 
chlorides, which are more soluble, are not so readily precipitated in 
this way. The crystals are filtered off, washed with water, dried and 
heated. If required very pure, the precipitation may be repeated 
and the salt finally fused to remove traces of hydrogen chloride. 

250. Properties of Sodium Cliloride.--Sodium chloride crystallises 
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in cubes, which are colourless when pure. Its taste is well enough 
known. The density of the pure salt is 2*17, and it melts at about 
800° C. It is slightly volatile even at this temperature. Common 
salt is soluble in water, and its solubility varies but little with the 
temperature, as the appended figures show. 


Temperature "C. 

Grains NaCl dissolving 
in 100 gms. water. 

0 

35-6 

20 

35-8 

40 

3G-3 

60 

37*06 

80 

38*0 

100 

39*1 


It is nearly insoluble in alcohol. Solutions of sodium chloride, 

when cooled, deposit ice if weaker 
than 23-6 per cent, salt ; or salt, 
either anhydrous or NaCl . 2H2O, 
when stronger than 23*6 per cent. 
The solution of 23*6 per cent, strength 
is that which freezes at the lowest 
temperature —22° C., and at this 
temperature — the eutectic — both ice 
and salt deposit, and this is the lowest 
temperature which can be reached by 
an ice and salt freezing mixture. 

251. Chemical Properties of Sodium 
Chloride. — In general, sodium chloride 
has the usual properties of sodium 
salts (§ 232), and of chlorides 
(§ 1057). With sulphuric acid it yields 
sodium hydrogen sulphate and hydrogen chloride. 

NaCl + H2SO4 =r NaHSO^ + HCl. 

Its solution precipitates silver chloride from solutions of silver salts, 
etc. 

252. Uses of Sodium Chloride. — Sodium chloride finds a vast 
number of uses. The most important of these are : — 

(1) Use as an article of diet and as a preservative for food (hams, 
butter, fish, meat, etc.). 

(2) Use in the manufacture of sodium carbonate (§§ 235-237), 



Watw* 

Fia. 82. — Solubility of sodium 
chloride. 
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hydrochloric acid (§ 1052), sodium hydroxide (§ 230), chlorine 
(§§ 230, 1041), sodium sulphate (§ 1052). 

253. Other Salts of Sodium and the Halogens. — Sodium fluoride 
NaF. — Sodium fluoride is a white salt resembling the chloride. It 
has the usual properties associated with fluorides (§ 1035). It has 
been used as a mild disinfectant. 

Sodium bromide and iodide are not very much used in chemical 
practice. They are made by the same methods as the potassium 
salts (§ 266), and have similar properties. Sodium bromide and 
iodide form hydrates, NaBr . 2H2O and Nal . 2H2O. 

Sodium hypochlorite is discussed in § 1065. 

Sodium chlorate is made electrolytically by similar methods to 
potassium chlorate (§ 1071). It has properties similar to those of 
that salt, but is very much more soluble in water, and is therefore 
preferred for certain organic oxidations which are carried out in 
solution. It is widely employed as a weed-killer. 

POTASSIUM K, 39-10 

254. History of Potassium. — ^The potassium carbonate obtained 
by lixiviating wood ash has been known since early times, but was 
not clearly distinguished from ‘ natron ^ or sodium carbonate until 
the eighteenth century. The metal potassium was isolated by 
Davy in 1808. 

255. Occurrence of Potassium Compounds. — ^The chief source of 
potash is the Stassfurt salt deposits, which contain vast quantities 
of carnallite, potassium magnesium chloride KCl . MgCl2 . 6H2O, 
hainite K2SO4 . MgS04 . MgClg . 6H2O, and sylvine KCl potassium 
chloride. 'nThe extraction of pure potassium salts from these is 
described in §§ 264, 265. A certain amount of potash was obtained 
from drihoclaeCy a form of felspar, potassium aluminium silicate, 
during the Great War of 1914-1918, when the German supply of 
potash was no longer available. The ashes of plants contain a good 
deal of potassium carbonate. All plants contain potassium salts, 
which they obtain from the soil. In a state of nature the decay of 
plant materials returns this to the soil once more. Man, however, 
removes crops from the soil and finally sends the potash down the 
sewers to the sea. It becomes necessary, therefore, to supply 
potassium salts to the soil. Kainite is a useful form of potash for 
this purpose. 

It is interesting to note that potassiixm salts, though quite as 
soluble as sodium salts, are not found in appreciable quantity in the 
sea. It appears that potassium ion is adsorbed by the soil much 
more readily than sodium ion, and that consequently the former is 
retained in the soil while the latter is washed out to the sea. 
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256. Preparation of Potassium. — ^Formerly potassium waa made 
by heating potassium carbonate with carbon, 

K2CO3 + 2C = 2K + 300. 

Explosions often occurred in this process owing to the formation 
of the explosive potassium carbonyl K2(CO)2. 

The Castner process described under sodium (§ 223) is not satis- 
factory for potassium, which dissolves in the fused caustic potash. 
The process employed is the electrolysis of fused potassium chloride. 

257. Properties of Potassium. — ^Potassium is a soft white metal. 
Its density is 0*86. It melts at 62® C. and boils at about 730® C.,^ 
producing a green monatomic vapour. Potassium is a good con- 
ductor of heat and electricity. 

Both potassium and rubidium emit )8-rays. Their radioactivity is, 
however, exceedingly feeble compared with that of even uranium or 
thorium. It appears that potassium should be yielding an isotope of 
calcium as a result of its activity, but the formation of this has not yet 
been detected. 


The chemical properties of potassium are almost identical with 
those of sodium (§ 224). It is, however, rather more reactive. 
When dropped on water it decomposes it in the same way as sodium, 
but more vigorously. Thus the hydrogen evolved by the smallest 
fragments of potassium in contact with water ignites spontaneously 
and burns with a hlac coloured flame. 

258. Atomic Weight. — ^The atomic weight of potassium has 
been determined by a similar method to that described under 
sodium. Richards and Miller found the value 39’ 114 in 1907, and 
the value adopted is 39*10 (0 = 16). Another method used was 
the action of heat upon potassium chlorate, a salt obtainable in a 
state of high purity. 60*846 gms. of potassium chloride are obtained 
by the action of heat upon 100 gms. of potassium chlorate. 

KCl 

Thus the ratio = *60846. If we call the atomic weight of 

JA.OIO2 

potassium x and adopt the value for the atomic weight of chlorine 
given by Richards (35*466) we have 


X + 35*456 

X + 35*466 + 3 X 16*00 


= *60846, 


which yields the result 39*14. 

The most probable value is 39*10. Potassium consists of two 
isotopes of atomic weight, 39*0 and 41*0, the latter only in small 
proportion. 

^ Widely varying figures have been recorded. 
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259. Oxides of Potassium. — ^These are two in number : — 

Potassium monoxide K 2 O. 

Potassium tetroxide KOj 

Potassium monoxide KjO is made by the careful oxidation of 
potassium in dry oxygen under reduced pressure, the excess of potassium 
being distilled off in vacuo. In its properties it resembles sodium 
monoxide (p. 264). 

Potassium tetroxide KOg is made by burning potassium in air or 
oxygen, 

K + Og = KO2. 

When treated with water it yields hydrogen peroxide, caustic 
potash and oxygen, 

2KO2 + 2H2O = 2 KOH + HgOg + Og. 

The formula for this substance should probably be written as, 

K +[0 - O]- or K+[: 0 . 6 :]~. 

260. Potassium Hydroxide, Caustic Potash, KOH. — Caustic potash 
is prepared by methods analogous to those used for the preparation 
of caustic soda (§ 227). 

Potassium hydroxide is a white solid, resembling caustic soda in 
its corrosive properties. It melts at 360® C. It is very hygroscopic 
and very soluble in water, 100 gms. of which dissolve 113 gms. of 
caustic potash at 20° C. and 187 gms. at 100° C. It forms several 
hydrates. 

Its chemical properties are very similar to those of caustic soda 
(§231). It is preferred to the latter for organic work on account 
of its solubility in alcohol. 

‘ Alcoholic potash ’ is a useful reagent, which acts both as an alkali 
and as an agent for the removal of halogen hydride. Thus ethyl 
bromide with aqueous potash yields ethyl alcohol, 

CgHjBr + KOH = CgH^OH + KBr, 
but with alcoholic potash yields ethylene, 

CgHsBr + KOH = CgH^ + KBr + HgO. 

Caustic potash is used as a dr 3 dng agent for gases, and is also useful 
for absorbing acid gases. Solutions of caustic potash are much 
used for the latter purpose. Caustic potash solution can be made 
much stronger than caustic soda, and when it is used for absorbing 
carbon dioxide the extremely soluble potassium carbonate does not 
crystallise out and block the tubes, etc., as would the less soluble 
sodium carbonate. 

261. General Properties of Potassium Salts. — Potassium salts are 
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colourless unless combined with some coloured acid. They have 
a peculiar ‘‘ cooling ” taste, and in large quantities are poisonous, 
having a depressant action on the heart. The salts are, in general, 
stable and fusible without decomposition. All the common potas- 
sium salts are freely soluble in water. Potassium salts crystallise, 
as a rule, with little or no W’ater of crystallisation. The platini- 
chloride KaPtClg, and the perchlorate KCIO 4 , the acid tartrate 
KHC 4 H 40 (j, and the picrate KO . CgHgCNOg)^, are nearly insoluble 
in water, and the first three are still less soluble in alcohol (v, p. 285). 

Potassium compounds colour the Bunsen flame lilac. The colour 
is due to a line in the red and another in the blue region of the 
spectrum. 

In chemical properties the salts of potassium so nearly resemble 
those of sodium that it will only be necessary to describe the par- 
ticulars in w'hich they differ from the corresponding sodium com- 
pounds. 

262. Potassium Carbonate, ^ Pearlash,’ K 2 CO 3 . — This salt has 
been known since the earliest times, a solution of the salt made 
from wood-ash and water being used as a cleaning agent, and also 
for soap-making. Dioscorides (c. a.d. 50), described the preparation 
of the substance by heating crude wine lees (argol), acid potassium 
tartrate. 

Potassium carbonate is made from potassium chloride or from 
wood-ash. The ammonia-soda process cannot be adapted for the 
manufacture of potassium carbonate, for the bicarbonate is too 
soluble in water to be precipitated by ammonium bicarbonate. 

It has been made by electrolysis of potassium chloride solution 
and treatment of the caustic potash obtained with carbon dioxide. 
Much potassium carbonate is made by treating potassium chloride 
with magnesium carbonate and carbon dioxide, when an insoluble 
magnesium potassium hydrogen carbonate results. 

SMgCOa + 2KC1 + CO 2 + 9H20~>2(MgKH(C03)2.4H20) + MgClg. 

This, when treated with hot water, yields insoluble magnesium 
carbonate and a solution of potassium carbonate, 

2[MgKH(C03)2.4H20]. = 2MgC03 + K 2 CO 3 + CO, + 9 H 2 O. 

The Leblanc process (§ 235), can be and is applied to the manu- 
facture of potassium carbonate from potassium chloride. The only 
notable difference from the process as used for manufacturing soda 
is that the salt produced is not crystallised out as the hydrate from 
the liquors obtained by extracting the black ash with water. These 
liquors are, instead, evaporated to dr 3 mes 8 . 

Potassium carbonate is obtained from various vegetable products, 
notably wood ashes. The ashes contain up to 15 per cent, of potas- 
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sium carbonate. They are extracted with water and the liquors so 
obtained are boiled dry. A certain amount of potash is made from 
the residues remaining when beet-sugar is crystallised from the beet- 
juice. Potash has also been recovered from ‘ suint,* the sweat, etc., 
which forms some 30 per cent, of the weight of raw wool, and which 
is washed out before the wool is used. 

Properties . — Potassium carbonate is a white substance, melting 
at about 880® C. It is deliquescent and is exceedingly soluble in 
water, of which 100 gms. dissolve 109 gms. of the carbonate at 15® C. 
and 156 gms. at 100° C. Unlike sodium carbonate, it does not form 
any stable hydrates. 

It finds some use as a dehydrating agent. Thus, if alcohol con- 
taining some water be shaken with solid potassium carbonate, the 
latter dissolves in the water, forming an oily layer on which floats 
the alcohol, freed from much of its water. 

In its chemical properties it resembles sodium carbonate. 

Uses . — Potassium carbonate finds uses in industry in the manu- 
facture of soft soap, which consists of potassium compounds of the 
organic acids contained in fats and oils. Ordinary soap is the 
sodium compound. Further uses are in the manufacture of hard 
glass (§ 600), and of the numerous potassium salts used in the 
chemical industry. 

263. Potassium Nitrate, Nitre, Saltpetre, KNO3. — Potassium nitrate 
has been known since the eighth century a.d. The ‘ nitre * of the 
Bible is ‘ natron,’ native sodium carbonate. Nitre was manufac- 
tured up to the latter part of last century from saltpetre earth by 
methods which are still used locally on a small scale in the East. 

Manufacture from Saltpetre Earth , — ^In the neighbourhood of Indian 
villages the ground becomes saturated with the nitrogenous compounds 
contained in crude sewage. Certain bacteria (§ 674) ‘ nitrify * these, 
i.e., convert them to nitrates. The soil is removed and extracted with 
water and by crystallisation a very impure potassium nitrate, con- 
taining a good deal of common salt, is obtained. This product may be 
recrystallised. 

Manufacture from Sodium Nitrate . — ^Most of the world’s saltpetre 
is made by the action of the Stassfurt potassium chloride on Chilean 
sodium nitrate. These salts, when mixed in solution, undergo a 
double decomposition, thus : 

KOI + NaNOa NaCl + KNO3. 

The solubilities of the four salts concerned are as given in table 
on p. 282. 

It follows then that if boiling saturated solutions of potassium 
chloride and sodium nitrate react, the least soluble salt present in 
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1 00 gms. water dissolve. 


At 20 *^0. 

At 100 X. 

Sodium nitrate .... 

87*5 

180 

Potassium chloride 

37*4 

56-6 

Sodium chloride .... 

35-6 

40-8 

Potassium nitrate .... 

31-2 

247 


the boiling equilibrium mixture will be sodium chloride, and this 
will separate out. If now, the liquid is filtered while hot and allowed 
to cool to 20° C. or under, potassium nitrate becomes the least 
soluble salt and crystallises out. The sodium chloride having largely 
deposited from the hot solutions and being but little less soluble in 
the cold solution, does not deposit and contaminate the product. 

On the laboratory scale potassium nitrate may be made from sodium 
nitrate by mixing 190 gms. of sodium nitrate, 150 gms. of potassium 
chloride and 200 c.c. of water. The mixture is boiled, the water being 
replenished from time to time. The mixture is filtered through a hot 
Buchner fimnel and cooled, stirring to avoid the formation of large 
crystals. The crystals are washed and recrystallised from hot water. 

Potassium nitrate forms white crystals, easily soluble in hot water, 
but much less soluble in cold. Its solubility curve is given in 
Fig. 23, 

When heated, potassium nitrate melts at 340° C., and then 
decomposes slowly, giving oxygen and the nitrite 

2KNO3 = 2KNO2 + O2. 

It has the usual properties of a nitrate (§ 760). 

The chief use of potassium nitrate is in the manufacture of 
fireworks and gunpowder. The latter is a mixture containing 
approximately 6 parts of potassium nitrate, 1 of charcoal and 1 
of sulphur. These are ground very finely in the moist state and 
slowly dried. The powder, when ignited, bums almost instan- 
taneously, producing a great quantity of gas, mainly nitrogen and 
oxides of carbon, the expansion of which provides the propellant 
or disruptive force of the powder. A solid ‘ fouling ’ is loft behind, 
containing potassium sulphide and carbonate. 

PoUxsaium nitrite KNO 2 resembles sodium nitrite, but is even 
more soluble, 100 gms, of water dissolving no less than 300 gms. of 
the salt at 15*5° C. 

264. Potassiiim Salts 0 ! the Acids of Sulphur.— Potossmm auU 
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phides, — ^Tliese resemble the sulphides of sodium (§ 244), and are 
prepared by similar methods. The action of potassium carbonate 
on an excess of sulphur yields mainly the pentasulphide K2S5. This 
product is known as ‘ liver of sulphur.* 

Potassium sulphate — ^This salt is usually made by the 

action of sulphuric acid upon potassium chloride (cf. sodium 
sulphate, § 246)." It is also prepared from the mineral kainite 
K2SO4 . MgS04 . MgClg . 6H2O. This is crystallised in much the 
same way as camallite (§ 265), when schoenite, potassium magnesium 
sulphate K2SO4 . MgS04 • bHgO crystallises out. A hot solution 
of this is then treated with solid potassium chloride, when the 
reaction 

K2SO4 . MgS04 + 3KC1 - 2K2SO4 + KCl . MgClg 
takes place. The potassium sulphate crystallises out at tempera- 
tures above 40° C. Below this temperature other salts crystallise. 

Potassium sulphate forms colourless, rhombic crystals. It is 
somewhat sparingly soluble in water, 100 gms. of which dissolve 
11*11 gms. of the salt at 20° C. and 24*1 gms. at 100° C. It differs 
from sodium sulphate in that it forms no hydrates, but in other 
respects resembles that salt. 

Potassium hydrogen sulphate KHSO4 resembles the sodium salt 
in most respects. 

Potassium persulphate is discussed in § 946. 

265. Potassium Chloride KCL — Potassium chloride is found 
native as sylvine KCl, and camallite KCl . MgClg . 6H2O. These 
minerals are found in the salt deposits of Stassfurt. They occur 
as a deposit at a higher level than the main mass of rock salt and 
probably represent the product of the final drying up of an inland 
sea, the most soluble of the salts contained in the water being 
deposited last and at the highest level. 

The extraction of potassium chloride from camallite is carried on 
in the manner described below. 

Camallite KCl . MgClg . bHgO is decomposed in presence of water 
and is only stable in presence of a solution containing much magne- 
sium chloride. When it is treated with a small quantity of water 
potassium chloride separates out and magnesium chloride goes into 
solution. On heating, the potassium chloride dissolves and the 
solution, when cooled, deposits the salt in crystals large enough to 
be separated. 

The camallite is crushed coar>^iy and is placed in a tank fitted with a 
false bottom, where it is mixed with the mother liquors resulting from 
the washing of the potassium chloride crystals produced in a previous 
operation. 

The mixture is agitated and boiled by injeoting steeun, and then is 
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allowed to stand until the mud, etc., has settled out. The clear liquor, 
containing potassium and magnesium chlorides, is drawn off and 
allowed to cool slowly for two or throe days in tanks holding some 200 
or more cubic feet. The resulting crystals contain some 25 per cent, of 
sodium chloride and are purified by careful washing with a little water. 
The salt still retains some sodium chloride, and this can be separated 
by further recrystallisation. 

A certain amount of potassium chloride is now recovered from the 
w^ater of the Dead Sea. 

Potassium chloride forms white cubic crystals similar to those of 
sodium chloride, which salt it resembles in almost all particulars. 
It is, however, more fusible (M.P. 770° C.). Potassium chloride is 
more soluble in water at high temperatures, but at low temperatures 
is less soluble than sodium chloride (27 -G gms. in 100 gms. water at 
0° C., 56-7 at 100° C.). 

266. Other Halogen Compounds of Potassium. — Potassium 
chloraie KCJO3 and Potassium perchlorate KCIO4 are discussed in 
§§ 1071, 1072. 

Potassium bromide KBr, — ^This salt can be prepared in the 
laboratory by the action of bromine on warm strong caustic potash 
solution, 

SBrg + 6KOH = 5KBr + KBrOg + SHgO. 

The solution is evaporated to dryness and ignited with a little char- 
coal, which reduces the bromate to bromide, 

2 KBr 03 + 30 == 2KBr + SCOg. 

The mass is then recrystallised. 

On the commercial scale iron bromide is first prepared by the 
action of iron borings on bromine, 

3Fe 4“ 4Br2 = FcaBrg. 

The solution of this salt is then run into potassium carbonate 
solution until the solution is neutral, 

Fe3Br8+4K2C03+4H20 = 8KBr+2Fe(0H)3+Fe(0H)2+4C02. 

The solution of the bromide is filtered from iron hydroxides and 
crystallised. 

Potassium bromide forms white cubic crystals readily soluble in 
water (65 gms. per 100 gms. water at 20° C.). 

Its properties are discussed in § 1081. Potassium bromide forms 
unstable compounds with bromine, KBr 3 and KBr^. Thus bromine 
dissolves freely in a solution of potassium bromide. 

Potassium bromide is used in medicine as a sedative and also in 
photographic developers as a “ restrainer.*’ 

Potassium iodide KI is made by a process very similar to that 
used for the bromide. 

It forms white cubic crystals very soluble in water, 100 gms. of 
which dissolve 144 gms. of the salt at 20° 0., and 208 gms. at 100° C. 

Its properties are discussed in §§ 1096, 1097. Solutions of potas- 
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sium iodide dissolve iodine to a considerable extent, the salt KI 3 
(cf. § 271, 1089) being formed in solution. The compounds KIj.HgO 
and KI 7 . HgO have been isolated in the solid state, but these 
polyiodides do not appear to exist except in combination with 
w^ater. Polyhalides of rubidium and caesium (§ 271) exist in the 
solid state and uncombined with water. 

267. tests !or Potassium and Sodium. — Detection, A solution of 
the substance to be tested is treated with ammonium hydroxide and 
ammonium carbonate and the compounds of the metals other than 
the alkali metals and magnesium are precipitated as carbonates or 
hydroxides and filtered off. 

Magnesium is tested for in the filtrate by means of sodium 
phosphate, and, if present, is removed as hydroxide by addition of 
barium hydroxide, excess of which is then removed by addition of 
sulphuric acid. 

The solution is then evaporated to dryness and the residue heated 
strongly to volatilise all ammonium salts. It is then taken up in a 
little water and portions are tested for potassium in one of the follow- 
ing manners : — 

( 1 ) Hexachlorplatinic acid (platinum tetrachloride) is added and 
then an equal volume of alcohol. A yellow precipitate of potassium 
hexachlorplatinate KgPtClg indicates the presence of the metal. 

(2) A solution of perchloric acid (20 per cent.) is a much cheaper 
reagent. If a solution of a potassium salt is mixed with such a 
solution and an equal volume of alcohol, white potassium perchlorate 
is precipitated. 

(3) A solution of tartaric acid, when added to a not too dilute 
solution of a potassium salt, precipitates potassium hydrogen 
tartrate KHC 4 H 4 O 0 . The test is less delicate than the former two. 

(4) A solution of sodium cobaltinitrite gives a yellow precipitate 
of potassium cobaltinitrite (§ 1192). This is a comparatively 
delicate test. 

(5) A solution of sodium picrate precipitates yellow crystalline 
potassium picrate from solutions of potassium salt. A precipitate 
is also given by sodium carbonate, and the absence of this salt 
should be ensured by careful neutralisation. 

( 6 ) The flame test may be applied to the residue. A little sodium 
will obscure the flame colour of a potassium salt, but if the flame is 
viewed through blue glass the lilac colour is readily seen. The use 
of a direct- vision spectroscope enables the lines of the potassium 
spectra in the blue and red to be seen even when sodium is present. 
The test is less reliable than the precipitation reactions. It is neces- 
sary to remove the heavy metals before applying the test, as some 
of these give colours not unlike that given by potassium. 
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Sodium may be detected by the flame test as described above, 
but owing to the very strong colour given to the flame by the salts 
of this element, care should be taken that an accidental trace of 
sodium does not obscure the colour given by a much larger quantity 
of potassium. 

The solution, freed as above from all metals except the alkali 
metals, may also be tested for sodium by one of the following pro- 
cedures : — 

( 1 ) The solution is evaporated to dryness and the solid heated to 
strong redness to remove ammonium salts, etc., then taken up in a 
little water. To the solution is added potassium pyroantiraonate 
solution and the liquid allowed to stand. A white crystalline pre- 
cipitate of sodium pyroantimonate indicates the presence of sodium. 
The pyroantimonate solution is made by boiling 20 gms. of the salt 
with a litre of water till nearly all has dissolved. The solution is 
cooled quickly and a little caustic potash added. It is then filtered 
and used. 

(2) To a fairly strong solution of the sodium salt made as above 
a solution containing nickel acetate and uranyl acetate is added. 
A yellow precipitate of sodium nickel uranyl acetate indicates the 
presence of sodium. 

Sodium and potassium are commonly estimated as sulphate. 
Other metals are removed as described above and the solution, 
containing only sodium or potassium, is evaporated with sulphuric 
acid in a platinum basin. The residue is heated until no further 
change in weight occurs, when the metal may be weighed as the 
pure anhydrous normal sulphate. 

NaX + H 2 SO 4 = NaHSO^ + HX 
2 NaHSO, = Na^SO^ + H 2 SO 4 . 

Potassium may also be estimated as platinichloride {v, supra). 

RUBIDIUM Rb, 85-43 

268. Occurrence and Discovery of Rubidium. — Rubidium was dis- 
covered by Bunsen and Kirchhoff in 1861, in a mineml water, by 
spectroscopic examination. Two dark-red lines were found in the 
spectrum and these were assigned to an element named by them 
rubidium (rubidus, dark-red). 

Rubidium is an extremely rare element occurring to the extent of 
some 1 per cent, in the mineral lepidolite. It occrus also in the Stassfurt 
deposits, and is extracted from the mother liquors obtained in the 
extraction of potassium chloride (§ 266). 

289. Properties of Rubidium and Its Compounds. — Rubidium bears 
the closest resemblance to potassium. It is softer and more fusible and 
volatile (M.P„ 38® C. ; B.P., 696® C.). It is heavier than water. Its 
reactions resemble those of potassium but a.r6 more vigorous. 
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Its compounds resemble those of potassium, differing only in density, 
solubility and minor properties. 

Its salts colour the Bunsen flame reddish violet. 

C.^SIUM Cs, 132*91 

270. Occurrence and Discovery. — Csesium was discovered at the same 
time and in the same manner as rubidium. It gives two lines in the blue 
of the spectrum. Caasium occurs with rubidium in small quantities in 
lepidolito and also in the rare mineral pollucite, caesium aluminium 
silicate, which contains up to 30 per cent, of caesium, 

271. Properties of Caesium and Its Compounds. — In its physical and 
chemical properties caesium resembles rubidium. It is softer, more 
fusible, more volatile, and denser than the latter. (M.P., 28° C. ; B.P., 
670° C., D., 1*9.) 

Caesium is even more reactive than rubidium, but otherwise resembles 
that metal, in its chemical properties. 

Caesium compounds are for the most part very soluble in water, the 
chloride, sulphate and iodide all dissolving in less than their own weight 
of water at room temperature. 

The monoxide CsjO is interesting as being scarlet in colour. 

Both caesium and rubidium differ from the other alkali metals in 
forming stable polyhalides. Compounds of the types MTg, M'Brg, 
MlBra, MlClg, M'BrClg, M'lFBr, M'FICla, exist in the solid state, 
though they readily lose halogen when heated. The metal is not 
tri- or quinque-valent, for these salts may be considered as derived 
from complex acids of the type HI 3 , etc. 

X-ray examination of residues from certain minerals rich in 
caBsium is said to have revealed a line apparently belonging to an 
element of atomic number 87. The proportion present, if any, 
must be very minute. Noddack, the discoverer of rhenium, in a 
recent critical survey of the evidence, considers that Element 87 
has not yet been discovered. 
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COPPER— SILVER— GOLD 

272. Properties and Electronic Structure of Group I. B. — Copper, 
silver and gold are transition elements, included in the first group 
of the periodic table, but only remotely allied to Group I. A, the 
alkali metals. The numbers of electrons at the various levels of 
the copper atom are 2 . 8 . 18 . 1 ; while those of tlie electrons in 
the potassium atom (an alkali metal) are 2 . 8 . 8 . 1. The distin- 
guishing feature is that the copper atom has a shell of eighteen 
electrons immediately below the outer valency electron, and this 
shell is not so stable that another electron cannot be withdrawn 
from this level for valency purposes. The loss of the single outer 
electron of the potassium atom leaves a structure of ‘ inert-gas * 
type, and from the potassium atom only one electron can be re- 
moved. The removal of one or two outer electrons from the copper 
atom does not leave a structure of ‘ inert-gas ' type, and so is 
unaccompanied by great changes in stability and energy. Copper 
compounds are much less stable than potassium compounds, and 
the copper ions are much more readily reducible than those of, say, 
potassium. 

The same considerations apply, still more strongly, to silver and 
gold. 

Thus we find that the metals of Group I. B. are remarkably resistant 
to chemical attack. They are less electropositive than hydrogen , and 
are therefore unattacked by acids in general. Only strong oxidising 
agents and substances which form complex salts with them are 
effective in attacking the metals. 

Their compounds are unstable. Their oxides are decomposed by 
heat — cupric oxide with difficulty, silver and gold oxides very easily. 

The salts of copper are fairly stable, those of silver less so, while 
gold salts are all readily decomposed by the action of heat. The 
tendency to formation of complex ions is as notable in this group 
as it is absent in Group I. A, Among copper compounds we may note 
chlorocuprous acid (§ 288), the cuprammonium compounds and the 
cuprocyanides. Similar compounds of silver and gold exist, and are 
even more stable than those of copper. 

We shall find, then, that the group is distinguished by the slight 

reactivity of the elements and the ready decomnosition of the 
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compounds — ^these features being least marked in copper and most 
marked in gold. 

COPPER Cu, 63-57 

273 . Historical. — Copper is, after gold, the most anciently known 
metal, and its use coincides with the dawn of history. The reason 
for the early discovery of gold, silver and copper is the readiness 
with which their compounds are decomposed. Gold compounds 
are so unstable that the metal is found native, while silver and copper 
are so easily won from their ores that their early discovery was 
inevitable. The minerals of copper are conspicuous — ^brilliant 
green malachite and brassy pyrites — ^and the metal is easily obtained 
by simply building a fire of charcoal and malachite in lumps. The 
copper would be formed by the reactions 

CuCOs = CuO + CO2 
2 CuO + C == 2 Cu + CO2, 
and would melt and flow to the bottom of the fire. 

Rich copper pyrites can also be smelted in the same simple way. 

In classical times, copper was used chiefly as bronze, a copper-tin 
alloy containing some 12 per cent, of the latter element. Many 
compounds of copper were also known. 

Burnt copper, ‘ ces ustum^ was probably cuprous oxide, used as 
a pigment. Black oxide of copper was known, as also was verdigris, 
and crude copper sulphate, chakanthum, 

274. Sources of Copper. — Copper is found as native copper in the 
Lake Superior district, but the chief ore of copper is chalcopyrite, or 
copper pyrites, CugS . FcgSs or CuFeS2. This is not as a rule found 
pure, but mixed with much iron pyrites, FeS2. Other ores occa- 
sionally worked are malachite, CuCOs . Cu(0H)2 ; azurite, 2CUCO3 . 
Cu(0H)2 ; atacamite, CuClg . 3Cu(OH)2 ; bornite, CugS . CuS . FeS ; 
chrysocolla, CuSiOg . 2H2O ; fahlore, copper and silver sulpharsenites 
and sulphantimonites. Among the less common minerals of copper 
are chalcocite, cuprous sulphide CU2S ; cuprite, cuprous oxide GU2O : 
melaconite, cupric oxide CuO. 

276 . Manufacture of Copper by Smelting. — Copper is to-day 
chiefly obtained from pyritic ores consisting of iron and copper 
sulphides. 

If the copper exceeds 4 per cent., smelting is employed. For 
veiy poor ores containing less than this proportion the cementation 
process is used. 

There are several varieties of process in use for smelting copper, 
but the commonest of them is that of : — 

( 1 ) Roasting the ore to remove the arsenic and much of the 
sulphur. 
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(2) Reducing the matte so obtained in Bessemer converters. 

(3) Refining the copper so produced. 

The first process is performed in many different ways, but pre- 
ferably by pyritic smelting. The copper ore is charged into a blast 
furnace together with a very little coke and some free silica (quartz, 
sand, etc . ) . The combustion of the ore itself provides the heat and so 
no fuel is needed, a great boon in many copper-producing countries, 
where coal is scarce. The reactions which take place are : — 

2CuFeS2 + Oa = Cu^S + 2FeS + SO^ 

2FeS + 2Si02 + SOg = 2 FeSi 03 + SSOg. 

The cupric sulphide is converted into cuprous sulphide and the 
ferrous sulphide into ferrous oxide, which at once forms the silicate 
as a slag with the silica present. The cuprous sulphide mixed with 
some ferrous sulphide forms a lower liquid layer — ^the matte — while 
the iron silicate floats above it as a slag. 

The matte is usually refined in a Bessemer converter (Fig. 189). 
This is a vessel of steel plate lined with a thick layer of some material 
consisting chiefly of silica. It is provided with an entry for an air 
blast below and an exit above for the gases produced. The red-hot 
liquid matte is run into the converter and a blast of air blown 
through it. Oxidation takes place with the production of much 
heat and the 

2CU2S + 3O2 = 2CU2O + 2SO2 

CugS + 2 CU 2 O = 6Cu + SO 2 , 

cuprous sulphide reacts with the cuprous oxide so produced, forming 
copper and sulphur dioxide. 

The iron sulphide still remaining is oxidised to oxide and this 
combines with the siliceous lining of the converter to form ferrous 
silicate wliich forms a liquid slag. The slag is first poured off by 
tipping the converter, and the copper is then poured into moulds. 

Copper so made contains some sulphide and also gold and 
silver in small quantities, together with traces of other impurities, 
including lead, arsenic, nickel, antimony, zinc, iron, cobalt, bismuth, 
tin, etc. - 

276. Refining o! Copper. — Copper is refined by two methods. The 
first consists of furnace treatment, the second is electrolytic. 

By the first method the copper is melted in a reverberatory 
furnace (Fig. 188), where it is exposed to an oxidising atmosphere. 
The impurities, gold and silver excepted, are oxidised and either 
volatilised or converted into slag. The copper thus purified con- 
tains a little cuprous oxide which interferes with its toughness. This 
is removed by holding poles of green wood beneath the liquid metal. 
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The reducing gases, methane, etc., given off convert the cuprous 
oxide into copper. 

If copper is required of very high purity or if gold and silver are 
contained in it in sufficient quantities to be worth recovering it is 
refined by electrolyais. To this end a slab - of impure copper is made 
the anode, and a sheet of pure copper the cathode, in an electrolytic 
cell, in which the liquid is copper sulj)hate solution. This latter is 
decomposed, 

CUSO4 = Cu + SO4. 

The copper deposits on the cathode sheet while the sulphate 
radical attacks the anode, dissolving copper, but not affecting any 
gold or silver, which sink to the bottom as a “ slime,’* 

Cu + SO4 = CUSO4. 

The copper sulphate is unchanged in quantity, and the copper from 
the impure anode is deposited in a pure state on the cathode. 

277. The Cementation Process. — ^Very poor ores of copper, of 
which great quantities are to be found, are treated by the cementa- 
tion process. The ore is heaped up into vast embankments con- 
taining four or five million tons of ore, and water is allowed to perco- 
late through and over it. Copper sulphide is more easily oxidisable 
than iron sulphide and slowly reacts with air and water, forming 
copper sulphate. Some iron sulphate and sulphuric acid are also 
formed, 

CuS + 2O2 = CUSO4, 

2FeSa + TOj + 2H2O = 2FeS04 + 2H2SO4. 

The liquid flowing from the bottom of the heaps is pale green in 
colour and contains a proportion of copper sulphate and ferrous 
sulphate. The liquid is then allowed to flow through concrete 
channels containing scrap iron. Here the reaction, 

Fe + CUSO4 = Cu + FeS04 

takes place and the iron dissolves, being replaced by a dark friable 
deposit of metallic copper. This is dug out, roughly dried and 
refined by melting and poling as already described. 

278. Properties of Metallic Copper. — Copper is a solid of metallic 
lustre and a salmon-pink colour. The darker tint shown by ordinary 
copper is the result of a film of sulphide or oxide. Copper melts 
at 1,083® C. The specific gravity of copper is 8*95. Its specific 
heat at 20® C. is 0*0915. Copper has a high conductivity both 
for heat and electricity; its. specific resistance is 1*78 X 10“® at 
18® C. The liquid metal is miscible with most other liquid metals 
forming alloys, which are discussed below. 

Copper does not bum in air but when heated to redness forms 
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first cuprous oxide CugO, and then cupric oxide CuO. It burns, if 
finely divided or in thin sheets, in chlorine and in sulphur vapour. 

Copper is attacked by steam only at a white heat. Copper is less 
electropositive than hydrogen and is, therefore, not attacked by 
such acids as are not also oxidising agents. 

The reaction of a metal with an acid is supposed to depend on an 
equilibrium such as 

Cu + H+ ^ Cu+ -f H. 

The equilibrium constant is given by 

_ [Cu^] [H] 

[Cu] [H+] 

The concentration of copper is constant ; it follows that a decrease 
of the concentration of cuprous ion (Cu+) will cause an increase of 
[H], and a decrease of [H+], or, in other words, it will cause the acid to 
evolve hydrogen and the copper to dissolve. 

If the copper dissolved to Cu+ as it would with, say, dilute sulphuric 
or hydrochloric acid, [Cu+] would at once rise and [H] would fall below 
the solubility of hydrogen, for K is (for copper) very small. The action 
would therefore instantly cease. 

With nitric acid the hydrogen is oxidised to water ; accordingly 
[H] is negligible, and an appreciable concentration of Cu+ (actually 
oxidised to Cu++) may be formed. 

With hydrobromic acid the Cu+ ion is at once removed in consequence 
of the reaction 

2Cu+ + 4Br“:^ [CuaBrJ— 

Thus the concentration of Cu+ ion is kept so low that [H] becomes 
high enough for hydrogen to be evolved. Hydi’iodic acid reacts 
similarly. Thus, a metal which does not react with ordinary acids 
will be likely to react with such acids (1) as oxidise hydrogen to water, 
(2) as form a complex ion with the ion of the metal. 

In presence of air copper is slowly attacked by many acids, the 
process being : 

2Cu O2 ~ 2CuO 
CuO + 2HA = CuAg + H2O. 

Examples are the formation of basic copper carbonate, of verdigris 
and of copper sulphate by the commercial method. 

Copper exposed to air and moisture becomes covered with a 
beautiful green coating. It has recently been shown that this is not 
the basic carbonate, as formerly believed. In inland districts the 
basic sulphate, brockantite, CUSO4 . 3Cu(OH)2, or near the sea, the 
basic chloride, atacamite, CuClg . 3Cu(OH)2, constitute this coating. 

With nitric acid copper reacts vigorously, producing copper 
nitrate and nitric oxide with a large or small proportion of nitrogen 
peroxide. 

3 Cu + BHNOa = 3Cu(N03)2 + 4H2O + 2 N 0 
Cu + 4 HN 08 = Cu(N 08 )a + 2H2O + 2NO2. 
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The last reaction occurs chiefly with concentrated acid. For the 
mechanism of these reactions, see § 744. 

With dilute sulphuric acid copper does not react unless air is 
present, when copper sulphate (q^v,) is slowly formed, 

2Cu + 2H2SO4 + 02 = 2CUSO4 + 2H2O. 

The strong acid forms copper sulphate and sulphur dioxide and 
also some copper sulphide. 

Cu + 2H2SO4 = CUSO4 + 2H2O + SOg. 

These reactions are further discussed in § 936. Copper is not 
attacked by alkalis. 

Copper being far down in the electrochemical series of elements 
(§ 126), is displaced from its salts by most other metals. In fact, 
copper salts are decomposed by all metals, exce pt gold, silv er and 
the platinum metals^^, ^ 

Fe + CUSO4 = Cu + FeS04. 

Copper displaces silver and the other metals mentioned above from 

oQl+o 

Cu + 2AgN03 = Cu(N 03)3 + 2Ag. 

If a copper wire be immersed in dilute silver nitrate solution a 
beautifully crystalline “ silver- tree ” is formed. 

279. Alloys of Copper. — These are numerous and may with 
advantage be tabulated : — 


Percentage Composition of Copper Alloys, 


Alloy. 

Copper. 

Tin. 

Zinc. 

Lead. 

Iron. 

Nickel. 

Bronze . 

Brass 

Delta metal . 

Monel metal ^ . 
German silver. 

75-90 

70-80 

60 

27 

26-50 

25-10 

30-20 

38-2 

36-26 

1 


68 

36-10 


Bronze is distinguished by its toughness and great tenacity. It 
is peculiarly suitable for parts of machinery which must withstand 
great shocks without breaking, such as the propellers of ships. 

Brass finds its chief uses as a result of its ornamental colour and 
the ease with which it can be turned on the lathe, pressed into shape, 
etc. When it contains a low proportion of zinc it is softer and 
richer in colour. , With more zinc it becomes harder, paler yellow 
and more brittle. 


^ Traces of Mn, C, 8, also present up to 0 . 2 per cent. 
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Delta metal is a brass containing iron and is extremely tenacious, 
having nearly as great a breaking strain as the strongest steel. 

Monel metal is a coj^per nickel alloy of great strength and very 
resistant to chemical action. It finds considerable use in the 
chemical industries. 

German silver is a white metal of variable composition containing 
as a rule, copper, zinc and nickel. Its properties resemble those of 
brass. 

Coinage Alloys, — ^The so-called copper coins are alloys of copper 
and tin containing 7*5 per cent, of the latter metal. The English 
silver coins formerly consisted of an alloy of 92*5 per cent, silver and 
7*6 per cent, copper. The modem coins contain but 50 per cent, 
silver, the remainder consisting of 40 per cent, copper and 5 per 
cent, each of zinc and nickel. 

280. Atomic Weight of Copper. — ^An approximate value of 64 fits 
in with Dulong and Petit’s law and the periodic system. The exact 
atomic weight has been obtained by various methods, amongst 
which may be mentioned : — 

( 1 ) The conversion of copper sulphate into barium sulphate, giving 
the ratio, CUSO 4 : BaS 04 . 

(2) The conversion of cupric bromide into silver bromide. 

(3) The determination of the electro-chemical equivalent by passing 
a current of electricity through two cells, arranged in series, one 
containing a copper salt and the other containing a silver salt. 
According to Faraday’s law (p. 130) the weights of the two elements 
deposited on the cathodes should be in the proportion of their 
chemical equivalents. This method gives the result that for every 
107*883 gms. of silver (1 equivalent) there is deposited 31*78 gms. of 
copper, which is therefore the gram -equivalent of that metal. The 
atomic weight is therefore twice that value, 63*56, fitting in with the 
approximate figure given above. 

The best value appears to be 63*57. 

Isotopes of Copper, — Copper consists of two isotopes (§ 148) of atomic 
weight 63*0 and 65-0 in the proportion of about 2 : 6. 

281. Oxides of Copper. — ^There appear to be three undoubted 
oxides of copper, of which only two are of any importance. Two 
lower oxides, ChijO and CU 4 O, have been described, but their 
chemical individuality is doubtful. 

Cuprous oxide CugO. 

Cupric oxide CuO. 

Copper peroxide hydrate Cu 02 ( 0 H) 2 . 

282. Cnprous Oxide. — Cuprous oxide is not usually prepared by 

the usual methods for making oxides. It may be made — 
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^(1) By he ating cupric oxide with copper powder, 

Cu + CuO = CugO. 

(2) By reducing a cupric salt with glucose, in presence of alkali. 
The usual laboratory method of preparation is given below. 

Dissolve 10 gms. of crystallised copper sulphate and 16 gms. Rochelle 
salt (sodium potassium tartrate) in 75 c.c. of water and gradually add 
16 gms. caustic soda, dissolved in 25 c.c. of water, stirring well. Add to 
the resultant solution 20 gms. of glucose and boil for some time. When 
the blue colour has nearly, but not quite, disappeared, allow the red 
cuprous oxide to settle, wash by decantation with hot water, filter by 
suction. Wash well on the filter and dry in the steam oven. 

Properties of Cuprous Oxide, Cuprous oxide is insoluble in water. 
It occurs in yellow and red forms, differing only in size of particles. 
When heated in air it is slightly oxidised, forming cupric oxide, 
and when heated in hydrogen it is reduced to copper. 

Acids react with it in a peculiar manner. In most cases cuprous 
salts are not formed, as might be expected, but instead a mixture 
of a cupric salt and copper is produced. 

CugO + H 2 SO 4 == CUSO 4 + Cu + HgO. 

Hydrochloric acid, however, reacts with it to form cuprous 
chloride, which dissolves in the acid, forming chlorocuprous acid 
H 2 CU 2 CI 4 , 

CugO + 2 HC 1 = CU2CI2 + H2O. 

Nitric acid reacts violently with it, giving cupric nitrate and 
oxides of nitrogen. Cuprous oxide gives a deep red colour to glass, 
and this is its chief industrial use. The red colour is probably due 
to the presence of minute particles of metallic copper. 

283. Cupric Oxide, Black Oxide of Copper, CuO. — This oxide can be 
made by all the usual methods for preparing oxides. It is usual to 
prepare it on the commercial scale by heating malachite, native 
copper carbonate, 

CuCOa . Cu(OH )2 == 2CuO + HgO + COg. 

It is also made from copper scale, the scourings of copper sheets, 
obtained when copper is being worked. This material, which con- 
sists mainly of crude copper oxide, is moistened with nitric acid to 
remove cuprous oxide or metallic copper, and heated to redness to 
convert the nitrate so formed into oxide. 

In the laboratory it may be prepared by heating the nitrate 
carbonate or hydroxide of the metal. 

Copper oxide is a black powder insoluble in water, but definitely 
hygroscopic. When very strongly heated it decomposes, giving 
cuprous oxide at about 1,000® to 1,200® C, 
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It has the usual properties of a basic oxide, forming salts with all 
acids. 

The oxide is readily reduced to metal in a current of hydrogen or 
by heating with carbon, 

CuO + Hg == Cu + HgO, 

or organic substances. The chief method of ultimate organic analysis 
depends on the fact that the organic substances react with heated 
copper oxide to form carbon dioxide and water, which are easily 
absorbed and weighed, 

C.H„.0„+(2n + |-p)cii0 

= nCO* + I H,0 + (2n + I - Cu. 

Copper oxide is used chiefly for colouring glazes and glasses green 
or blue. The colour is due to copper silicate. 

284. Copper Peroxide CUO2 (OHlj is obtained by the action of hydrogen 
peroxide on a neutral suspension of cupric hydroxide at 0® C., 

Cu(OH )2 + 2H2O2 = Cu 02(OH)2 + 2H2O. 

It is a yellow-brown powder very readily decomposed when heated to 
about 180® C., 

2CuOa = 2CuO -f Oj, 

forming cupric oxide. 

285. Hydroxides of Copper 

Cuprous Hydroxide does not appear to exist. The yellow precipitate 
obtained when preparing cuprous oxide seems to be a colloidal com- 
bination of cuprous oxide and water of no definite formula. 

Cupric Hydroxide Cu(OH)2 is readily prepared by the action of 
the calculated quantity of alkali on a solution of a cupric salt, 

CUSO4 + 2NaOH = Na2S04 + Cu(OH)a, 
or Cu+ + + 20H- ^ Cu(OH)s 

It forms a blue precipitate, which may be dried at a low tempera- 
ture. Cupric hydroxide is decomposed when heated to 100® C., a 
black substance of composition 4CuO . HgO being produced. 
Stronger heating produces cupric oxide. 

The hydroxide readily dissolves in acids, forming cupric salts. It 
also dissolves in ammonia to a deep blue solution. 

286. Cuprammoniam Compounds. — ^Ammonia forms additive com- 
pounds— complex ions — with the cupric ion. Cupric hydroxide in 
presence of water dissolves to a very small extent, and the resultant 
dissolved hydroxide dissociates almost completely. 

Cu(OH),^Cu(6H),^Cu++ + 20H- .... A 

SoUd. Solution. 
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Ammonia reacts with the copper ion, forming the cuprammonium ion, 
Cu++ -f 4NH3 ^ Cu(NH3)4++ B 

The removal of almost all the cupric ion from the solution upsets the 
equilibrium of equation A, and accordingly, copper hydroxide dissolves 
and ionises until the equilibrium is restored. This may not occur till 
all the cupric hydroxide has dissolved. 

The resulting solutions containing the cuprammonium ion are 
deep blue, and smell of ammonia. They have the curious property 
of dissolving cellulose to a thick solution which has been used for 
preparing artificial silk. 

The cuprammonium ion forms salts with acidic ions. 

Thus, by the action of excess ammonia on copper sulphate, a 
deep blue solution can be obtained, which on addition of alcohol 
precipitates cuprammonium sulphate, 

CUSO4 ^ Cu++ + SO4— 

Cu++ + 4NH3 ^ Cu(NH3)4++ 

Cu(NH3)4++ + SO4— + 4H2O = Cu(NH3)4S04 . 4H3O. 

287. Salts of Copper. — ^There are two classes of copper salts, 
cuprous salts and cupric salts. 

The cuprous salts have the general formula CugXg, and the cupric 
salts CuXg where X is a monovalent atom or group. 

CuPBOus Salts 

288. Cuprous Chloride CUgClg, which is the most important of the 
cuprous salts, is usually prepared by the action of copper on cupric 
chloride in presence of concentrated hydrochloric acid, 

Cu + CuClg = CU2CI2. 

Cupric chloride may yalso be reduced by means of zinc dust or 
sulphur dioxide, 

2CUCI2 + Zn = CU2CI2 + ZnCla 

2CuCl2 + H2SO3 + H2O == CU2CI2 + 2HC1 + H2SO4. 

In the laboratory, cuprous chloride may be prepared by heating 
18 gms. of crystallised cupric chloride with 65 c.c. concentrated hydro- 
chloric acid and 10 gms. copper turnings. These are heated on the 
water bath for about an hour until the green colour has disappeared. 
The clear solution is then poured into 600 c.c. of water containing a 
little sulphur dioxide (to avoid oxidation). The white precipitate is 
washed by decantation with weak sulphur dioxide solution, filtered at 
the pump and dried by washing with alcohol and ether. (Yield, 
c. 10 gms.) 

Another good method is to boil copper turnings with concentrated 
hydrochloric acid and a trace of potassium chlorate. The product is 
poured into water and treated as above. 
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Cuprous chloride is a white solid insoluble in water but soluble in 
hydrochloric acid. A true solution is not formed, but rather a 
compound hyd rocMoro-c u prou s jacid It melts at 410® C. 
to form a yellow transparent substance.^ 

Oxidising agents convert cuprous chloride into cupric chloride, 

CU 2 CI 2 + 2HC1 + O = 2CuCl2 + HaO. 

Cuprous chloride, when dissolved in hydrochloric acid, forms an 
additive compound with carbon monoxide, from which the carbon 
monoxide may be again, expelled on boiling. The solution, then, 
affords us a method of separating carbon monoxide from most^other 
gases. 

Cuprous chloride reacts with ammonia, dissolving to form a dark- 
green solution which absorbs carbon monoxide, the compound 
CugCla . 2CO being formed, and also acetylene. The latter forms 
the red explosive cuprous acetylide (p. 417). 

Cuprous chloride gives with alkalis a yellow precipitate of cuprous 
oxide, which on boiling is converted into a red modification. With 
hydrogen sulphide it forms black cuprous sulphide CugS. 

289. Other Cuprous Compounds. — Cuprous iodide is formed when an 
iodide is mixed with a cupric salt, cuprous iodide and iodine being 
precipitated, 

2CUSO4 + 4KI = CuJa 4- 2K2SO4 -f Ij. 

The reaction is used for the volumetric determination of copper (§ 296). 

Cujiroua sulphate can be made in absence of water, but is not formed 
when sulphuric acid acts on cuprous oxide. In presence of water it 
forms cupric sulphate and copper. 

Cuprous sulphide CugS is found as an ore of copper. It is formed 
when copper is heated in sulphur vapour, and is also produced when 
sulphate anlutinn isdieatacLjadth sodium thioaulphata^olut ion. 

'Cuprous nitrate does not exist free.' 

The cuprous ion is not Cuj'***’* but Cu+. It breaks up rapidly into 
cupric ion and copper, 

2Cu+ =* Cu -}- Cu++. 

Thus all soluble cuprous salts decompose in sohition in water into cupric 
salts and copper. Cuprous chloride is apparently soluble in hydro- 
chloric acid but, in fact, it combines with this acid, forming hydro- 
chlorocuprous acid, which forms the [CujClJ — ion, not the Cu+ ion 
when it dissociates. The cuprous salts find a use in organic chemistry 
in the Saxidmeyer reactions. 

289a. Bauilibrium between Cupric and Cuprous Condition. — The 

equilibriiim equation 2Cu+ ^ Cu++ -f Ou gives the key to the con- 
ditionsyunder which cuprous and cupric salts are formed. 

Thyk • 

(1/ Cuprous salts dissolved in water (e.p., cuprom sulphate) deposit 
copper and form a cupric salt. 

The cuprous salts which are insoluble chloride, bromide, 
iodide, thiocyanate) are stable. They can be di^lved in 
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ammonia or a halogen acid because complex ions (Cu(NH 8 ) 4 +, 
Cu 2 ®** 4 — » are foimed and not Cu+ ion. 

(2) When a cupric salt is heated with copper, this is attacked and 
some cuprous salt is formed. Equilibrium is reached before 
much cuprous salt is formed, unless the cuprous ion forms a 
complex ion, as in the formation of cuprous chloride from 
cupric chloride and copper (§ 288). 

Cu++ + Cu ^=^u+ 

2Cu+ + 4C1~ ^ CuaCL— 


(3) Certain ions are reducing agents and reduce cupric salts to 
cuprous. Thus, if a cupric salt is mixed with an iodide, cuprous 
iodide is formed 


Cu++ + 21- Cu+ -f I- + I ^ Cu I>lr + I. 

This effect also takes place with the cyanide, nitrite, thio- 
cyanate and sulphite. The cupric salts of those can, however, 
be made in a non-ionised condition ; t.c., as co-ordination 
compounds with ethylene-diamine. Thus the compound 

I-. ^ NHj - CHj 

^Cu I is quite stable, for the copper is not 

- CH, 

ionised to Cu++ and so is not reduced by the iodide ion. 

(4) Cuprous salts which cannot exist in presence of water [(1) above] 
or at all, are stable when co-ordinated, for the Cu+ ion is not 
then formed. 

Thus the compound of cuprous nitrate with thio-urea, or 
better, ethylene-thio-urea is stable. 


If the latter compound CHj — NHv 

I is designated as 

CHj - NH/ 

then the compounds [Cu(4etu)]N08 and [Cu( 3 etu)] 2 S 04 
some others are stable. 


etu, 

and 


CupKic Salts 

290. Cupric Ion. — Many cupric salts are soluble in water and 
produce the cupric ion Cu++. 

CuS 04 ^Cu++ + S 04 — . 

The cupric ion has characteristic properties, and these are dis- 
played by solutions of all cupric salts. 

Cupric ion is bh^ .^ It is reduced to copper by all metals except 
m^cuiy, gold, sOv^and^Ee^plaSnum 

Zn ==rcSr+"Zn++. 

The cupric ion gives pale blue copper hydroxide with hydroxyl 
ion (alkalis), 

Cu++ + 26H- Cu(OH)4. 

With ammonia it gives first the hydroidde, which redissolves, 
forming cuprammonium ion (§ 286), 
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With hydrogen sulphide a black precipitate of cupric sulphide is 
formed, 

Cu++ + S— ^CuS. 

With ferrocyanidcs the chocolate-brown colloidal copper ferro- 
cyanide Cu 2 re(CN )6 is precipitated. 

290a. Cupric Chloride CUCI2. — Cupric chloride may be prepared 
by the action of hydrochloric acid on cupric oxide. Evaporation 
yields green crystals of the tet rahydrate CuClg^JfflgO- 

The aiihydrbus salt is bro wn as Is also a s olSS on of the mlt in 
concentrate hyd rochlof i^ This can b e show n to con tain an 

aS^ lIaCuC L, and the brown colour i s duo to CuCi7~^ ^^^ion. It is 
therefore tTrought that anhydrous cupric chloride is an autococn*pIex 
and is cupr ic cuprichloride Cu[CuCliJ. 

When the brown solution is diluted it becomes first green, then 
assumes the pale blue colour typical of cupric ion. 

When pleated to re dness ^ it gives cuprous chloride and chlorine, 

2 CuCl 2 = CU2CI2 + CI2. 

291. Copper Carbonate. — Normal copper carbonate does not exist, 
but various basic salts are known. The fine green mineral malachite 
is a basic carbonate, Cu(OH )2 . CUCO 3 , ^^so is the deep blue 
azurite, Cu(OH) 2 , 2 CUCO 3 . 

The copper carbonate usually found in the laboratory is made by 
the action of sodium carbonate on copper sulphate, 

2Na2C03 + H2O + 2CUSO4 = 2Na2S04 + OUCO3 . Cu(OH)2 + CO2, 

or 2Cu++ + 20H- + CO.— = CUCO 3 . Cu(OH) 2 .i 

Copper carbonate is also made on the large scale by similar 
methods, and is known as verditer (to be distinguished from verdigris, 
the basic acetate). 

When heated it decomposes at a low temperature, yielding the 
oxide 

Cu(OH )2 . CUCO 3 = 2CuO + HgO + CO 2 . 

292. Acetates of Copper. — ^Normal copper acetate Cu(CaH 302)2 
forms deep blue-green crystals. The basic acetate, which has the 
approximate formula, 

Cu(OH)2 . Cu(C2H302)2, 

is known as verdigris, and is an important green pigment. 

The pigment is made by packing earthenware vessels with alternate 
layers of * marcs * (grape-skins left after the pressing of juice from 

^ Sodiiim carbonate solution contains the OH~ ion (see (121, 239). 
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grapes in the wine factories), and sheets of copper. The marcs ferment, 
and the alcohol produced is further fermented, forming acetic acid, and 
the reaction takes place between this, the copper and oxygen, 

Cu + + O = Cu{C 2 H 30 a )2 + H^O. 

The copper sheets are then removed, packed together on end, exposed 
to the air, being moistened occasionally with sour wine. The reaction 
which then takes place may be 

Cu 4 - Cu(C2H30is) 2 + HaC + O = Cu(OH)2 . Cu(C2H30a),. 

293. Copper Nitrate Cu(N 03)2 . SHgO. — Copper nitrate is prepared 
by the usual methods. It forms dark blue crystals which have 
the ordinary properties of a nitrate. 

294. Cupric Sulphide CuS is prepared by the action of hydrogen 
sulphide on cupric sulphate. It is a black solid insoluble in acids 
other than nitric acid. 

295. Cupric Sulphate, Copper Sulphate, Blue Vitriol CUSO 4 . 5 H 2 O. 

— Cupric sulphate is the most important salt of copper. 

It is prepared on the large scale by heating scrap copper in a 
reverberatory furnace with sulphur. Cupric sulphide is thus formed. 
The mass is then heated with access of air, giving a gently oxidising 
atmosphere, and an impure sulphate is formed, 

Cu + S = CuS 
CuS + 2O2 = CUSO4. 

The crude copper sulphate is dissolved in dilute sulphuric acid, 
decanted from insoluble impurities and crystallised. 

The pure salt may be made by dissolving copper oxide in dilute 
sulphuric acid, 

CuO + H2SO4 = CUSO4 + H2O, 

and recrystallising as often as may be necessary to remove traces 
of iron, which is the commonest impurity. 

Copper sulphate crystallises as the pentahydrate CUSO4 . bHgO, 
in blue transparent crystals of the triclinic system . They are readily, 
soluble in water, 36-6 parts dissolving in 100 parts of water at 10® C. 
and 203 parts at 100° C. Copper sulphate forms several hydrates, 
including CUSO4 . 7H2O, Boothite, isomorphous with ferrous sul- 
phate and CUSO4 . SHgO, already mentioned. There exist also 
hydrates CUSO4 . SHgO and CUSO4 . HgO. When crystallised copper 
sulphate is heated it slowly loses water. Only four molecules of 
water are lost at 100° C., the last being only driven off at about 
200° C. The crystallised salt is efflorescent when the air is fairly 
dry(t;.§§208,209). 

Anhydrous copper sulphate forms a white powder. It readily 
combines with water, evolving heat, to produce the blue penta- 
hj^drate. This change of colour is used as a test for water. 
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Copper sulphate decomposes at about 340® C. and forms the basic 
sulphate, which further decomposes, leaving the oxide. 

Its chemical properties are comprised for the most part in those 
of cupric ion (§ 290) and those of a sulphate (§ 938). 

Copper sulphate finds numerous uses in industry. Its chief use 
is as a wash for vines, etc., to kill moulds and other fungi which 
prey on them. Bordeaux mixture, an example of such a wash, is 
made by adding 11 parts of lime as milk of lime to 16 parts of copper 
sulphate contained in 1,000 parts of water. It appears to contain 
a basic sulphate, Cu2(0H)2S04. Copper sulphate is used as a 
mordant in dyeing, and also finds considerable use in the manu- 
facture of the green pigments containing copper carbonate (q.vJ), 

296. Detection and Estimation of Copper. — Copper salts are easily 
detected in solution by their blue colour which is intensified by 
addition of ammonia. The dark brown ferrocyanide is also a 
characteristic precipitate. 

Copper is estimated in several ways. It may be electrolysed on to 
a weighed platinum dish — an accurate but rather slow process. It 
may be precipitated, weighed and ignited in the form of sulphide. 
This method has the inconvenience that the sulphide must be ignited 
in a current of hydrogen. 

Finally, copper is very conveniently determined iodimetrically. 
The material to be analysed is brought into solution in a known 
volume of liquid, and an aliquot part of this solution is added to a 
considerable excess of potassium iodide and the liberated iodine is 
titrated with sodium thiosulphate, 

2CUSO4 + 4KI = 2K4SO4 + CU2I2 + I2. 

One atom of iodine corresponds to one atom of copper. 

SILVER Ag, 107-88 

297. Silver and Copper. — ^The element silver and its compounds 
resemble copper and its cuprous compounds to some extent. The 
still less electropositive character of silver and its having only one 
series of salts make its chemistry quite different from that of copper 
in many respects. 

298. Historical. — Silver has been known since very early times, 
but it was probably generally known a considerable time after gold. 
In Egypt, before the eighteenth dynasty, silver was more valuable 
than gold. Since that time its price has steadily decreased, and 
its value has of late years varied between a tenth and a sixtieth of 
that of gold. 

299. Ocenrrenoe. — Silver is found native and also as sulphide, 
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sulpharsenite, sulphantimonite, and chloride. Lead ores commonly 
contain a proportion of silver, as do also copper ores. 

300. Manufacture of Silver. — ^The chief processes in use to>day 
are : — 

(1) The cyanide process. 

(2) The amalgamation process. 

(3) The desilverisation of lead. 

Cyanide Process. — ^The principle of this method depends on the 
fact that silver ion forms a complex ion with the cyanide ion, and 
consequently (f;. §§ 120, 312), silver compounds will dissolve in 
solutions of cyanides. 

The ore, which consists of silver sulphide mixed with numerous 
impurities, is stamped or ground to an impalpable slime, which is 
agitated for hours with sodium cyanide solution. The sodium 
sulphide formed is removed by oxidising it to sulphate by the 
action of the air, thus causing the reaction of the silver sulphide 
and sodium cyanide to be more complete. 

AgjjS + 4NaCN ^ 2Na[Ag(CN)2] + NagS, 
or AggS 2Ag+ + S— 

2Ag+ + 4CN’-;F^2[Ag(CN)g]" 

The solution containing the sodium argenticyanide is then treated 
with zinc dust or shavings, 

2Ag(CN)2’" + Zn = Zn++ + 2Ag + 4CN- 
or 2NaAg(CN)8 + Zn = 2NaCN + 2Ag + Zn(CN)g. 

The precipitated silver is then simply filtered off and melted with 
potassium nitrate in order to oxidise any excess of zinc, etc. 

The arnalgamation process has been used for 350 years, but is now 
gradually going out of use. In the modem method of applying the 
process, the ore is mixed with salt and roasted pyrites, ground to a 
slime and then thoroughly stirred with metallic mercury. 

The salt and roasted pyrites give ferric chloride, which reacts with 
silver sulphide, 

AggS + 2FeCl8;F^ 2AgCl -f 2FeClg + S. 

The silver chloride is then decomposed by the mercury, 

AgCl + Hg - HgCl + Ag, 

and the silver dissolves in the excess of mercury to form an amalgam. 
The amalgam is separated by washing away the lighter particles of sand, 
etc. ; it is then distilled, mercury being recovered and silver left behind. 

Recovery of Silver from Load. — ^Lead as prepared from galena 
usually contains silver up to 2 per cent. The most usual method 
is Parkea^s Process, followed by cupdkUion, 

The principle of Parkes’s process is that when argentiferous lead 
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is melted and some zinc is added, the melted zinc and lead do not 
mix, but form two liquid layers, the lower being lead containing a 
little zinc, and the upx>er zinc containing a little lead. Silver is 
more soluble in melted zinc than in melted lead, and so passes 
into the layer of melted zinc. The first portion of the liquid to 
solidify is the upper layer, containing zinc, silver and some lead, 
and this portion contains almost the w'hole of the silver originally 
present in the lead. 

The lead is melted in pots containing some 25 tons, and some zinc 
is added. The metal is repeatedly skimmed as it cools, and the 
skimmings, consisting of the above alloy of lead, silver and zinc 
(mixed with an excess of lead), transferred to a smaller pot. The 
skimmings are then carefully heated in a smaller pot and the less 
fusible silver-zinc-lead alloy is again separated by a perforated ladle. 
The alloy is then distilled and the zinc is thus recovered, while a 
lead-silver alloy remains which is refined by cupellation. 

Cupellation . — ^This process, more than 2,000 years old, consists 
in melting the enriched lead in an oxidising atmosphere on a shallow 
furnace bed composed of bone ash. The lead is oxidised 

2Pb + 02 = 2PbO 

and the litharge melts and soaks into the porous bone ash. The 
silver remains behind and the end of the operation is marked by the 
‘ blick * or sudden brightening of the metal to the lustre of melted 
silver. The process is often performed in two stages, a preliminary 
enrichment of the lead and a final production of silver. 

Silver of High Purity , — Extremely pure silver for laboratory 
purposes has been made by repeatedly recrystallising silver nitrate, 
then reducing it to the metal and fusing the resulting silver on a 
lime block in an atmosphere of hydrogen. 

301* Atomic Weight of Silver. — ^The atomic weight of silver is a 
very important quantity, since it is employed in so many atomic 
weight determinations. 

The evidence for the value is discussed in the section on atomic 
weights (§ 70). The accepted value is 107-88. 

802. Properties of Metallic Silver. — Silver is a metal of a. beautiful 
white and lustrous appearance. It is of considerable strength, 
particularly when alloyed with a little copper, and at the same time 
very malleable and ductile. It is consequently capable of being 
chased and hammered into all nianner of objects of use and beauty. 
Pure silver is somewhat soft for ordinary use, and the silver com- 
monly met with contains about 7J per cent, of copper. It is the 
best conductor of heat and electrcity known. Its melting-point is 
961*5"^ C. It can thus just be melted with an ordinary crucible and 
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Bunsen burner. Its sp. gr. is 10*5, and it is therefore denser than 
copper but not so dense as lead or gold. 

Molten silver dissolves up to twenty-two times its own volume of 
oxygen, probably forming some silver oxide, and on solidification 
this is evolved with effervescence, giving a peculiar appearance to 
the surface of the metal. The phenomenon is known as the ‘ spitting ’ 
of silver. 

Silver is a metal which is markedly inactive. It is not attacked 
by oxygen. Chlorine converts it into silver chloride, 

2Ag + CI 2 = 2AgCl. 

Bromine and iodine attack the metal in the same way, but much 
more slowly. 

Sulphur converts silver into silver sulphide, 

2Ag + S = AgaS. 

The blackening of silver coins carried in the same pocket with a 
piece of indiarubber (vulcanised with sulphur) is due to this reaction. 
Hydrogen sulphide also blackens silver, and to this cause the 
familiar tarnishing, 

2Ag + H^S = Ag,S + Ha, 

of the metal is due. 

Silver is not attacked by acids other than concentrated sulphuric 
acid and nitric acid of all degrees of dilution, also hydriodic acid. 

In the first case silver sulphate and sulphur dioxide are formed, 
2Ag + 2 H 2 SO 4 = AgaSO^ + 2HaO + SO^, 
in the second case silver nitrate and nitric oxide, 

3Ag + 4 HNO 3 = 3AgN03 + NO + 2 H 2 O. 

Hydriodic acid forms the Aglg” ion (c/. § 278). 

303. Alloys of Silver. — ^For most purposes ‘ silver ’ consists of an 
alloy of 92-5 per cent, silver and 7*5 per cent, copper. Such an alloy 
is used for British hall-marked plate and, before 1921, was used for 
British silver coinage. Various other silver-copper alloys are em- 
ployed in foreign countries. These have a white colour if they 
contain more than about 40 per cent, of silver. 

The coinage alloy used in Great Britain at the present date con- 
sists of 50 per cent, silver and 50 per cent, of base metal, consisting 
of copper 40%, nickel 5% and zinc 5%. 

804. Colloidal Silver. — ^When pure solutions of silver salts are care- 
fully reduced, silver is produced as fine particles too small to settle, and 
forms strongly -coloured colloidal sohUiona» 

A colloidal silver may be prepared by adding to 2 c.c. of 0*0 IN 
silver nitrate solution, 4 c.c. of a solution of 0-0 IN crystallised sodium 
citrate solution and 1 c.c. of O-OOIM hydroquinone solution — stirring 
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well. The solutions must all be strictly neutral except the sodium 
citrate, which should be just alkaline (1-3 drops NH 4 OH per 100 c.c. 
of neutral solution may be added). The preparation of those colloidal 
solutions requires scrupulous cleanliness of apparatus and purity of 
materials for success. 

Colloidal silver preserved from precipitation with albiunen, etc., is 
used in medicine as a disinfectant of a non-irritating character, suitable 
for ophthalmic cases, etc. 

305. Oxides of Silver. — Silver forms two oxides, both unstable, 

Silver oxide AggO, 

Silver peroxide AggOg. 

306, Silver Oxide AggO. — Silver hydroxide does not appear to 
exist and so silver oxide is formed directly when caustic potash is 
added to silver nitrate solution, 

2KOH + 2AgN03 == AggO + HgO + 2 KNO 3 . 

It is filtered off, washed and dried below 100® C. 

Silver oxide is a black powder. It is not quite insoluble in water 
(1 : 15,360), and the solution formed is alkaline. 

When heated, silver oxide loses its oxygen at about 300° C., 

2AggO = 4Ag + Og. 

Silver oxide is soluble in ammonia, for the same reason as silver 
chloride {q.v,). Silver oxide is sometimes used to replace a halogen 
group in a compound by hydroxyl, particularly in organic chemistry. 
Thus, if tetramethylammonium chloride be treated with silver oxide 
the free base is produced, 

2N(CH3)4 . Cl + AggO + HgO = 2N(CH3)4 . OH + 2AgCl. 

807. Silver Peroxide AggOg is probably not a true peroxide. It may 
be made by mixing 1,000 c.c. 3 per cent. KgSgOg with 100 c.c. 10 per cent, 
silver nitrate, and allowing the precipitate to settle out. It is washed 
by decantation and dried at room temperature. It is a black powder 
decomposed by acids, forming silver salts and oxygen. It is a very 
powerful oxidising agent, oxidising ammonium salts to nitrates, etc. 

308. Reactions characteristic of Silver Ion. — Silver salts give, with 
chlorides, bromides and iodides, characteristic precipitates of the 
silver halides (g.v.). 

AgNOa + KCl == AgCl | + KNO3 
or Ag^ + Cl-^AgCl\. 

These precipitates are not soluble in dilute nitric acid. 

Silver salts give precipitates with the salts of a vast number of 
other acids, the only common salts which do not give precipitates 
being the nitrates, chlorates, perchlorates, fluorides, sulphates, and 
permanganates. 
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White precipitates of the silver salt 
are given by 

Sulphate (in strong solution). 
Chloride. 

Cyanide. 

Thiocyanate. 

Ferrocyanide. 

Pjnpophosphate . 
Metaphosphate . 

Oxalate. 

Borate. 

Sulphite. 

Thiosulphate. 


Pale yellow precipitate by 
Bromides. 

Yellow precipitates by 
Iodide. 

Phosphate. 

Arsenite. 

Orange precipitate by 
Ferricyanide. 

Chocolate-brown precipitate by 
Arsenate. 

Red precipitate by 
Chromate. 

Black precipitates by 
Sulphide. 

Hydroxide. 

and some reducing agents. 


The type of precipitate given by silver nitrate and a soluble salt 
affords us, then, a good idea of its nature, especially as the precipi- 
tates are to be distinguished by solubility in various reagents as well 
as by colour. 

Solutions of silver salts are decomposed by all other metals, except 
gold and the platinum metals, yielding metallic silver and a salt of 
the metal, 

2 AgN 03 + Cu = Cu(N 03)2 + 2Ag. 
or 2Ag+ + Cu = Cu++ + 2Ag. 

Silver ion is reduced to metallic silver by most reducing agents, 
including organic matter in light, free hydrogen (with difficulty), 
arsine, stibine, hypophosphites, phosphites, ferrous salts, dextrose 
and many organic reducing 
agents. 

809, Electroplating. — Silver 
salts, like others, are readily 
decomposed by electrolysis. 

Objects are coated with silver 
— electroplated — by making 
them the cathode of a cell, of 
which the anode is a silver 
plate and the liquid a solution 
of a silver salt. To obtain a 

coherent deposit which will Fio. 83.— Electroplating, 

not flake off, the objects must 

be very clean, and the liquid must contain a very low concentration 
of silver ion. This latter condition is ensured by using as electrolyte 
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a solution of potassium argenticyanide. This is in equilibrium with 
only a very small 

K[Ag(CN) 2 ] ^ K+ + [Ag(CN) 2 ]- ^ K+ + Ag+ + 2CN- 
concentration of silver ion. During electrolysis the silver ions, Ag+, 
are discharged at the cathode and deposit on the objects to be plated, 
while the cyanide ions discharge at the anode with w^hich they 
immediately combine, re-forming silver cyanide. This dissolves to 
form the argenticyanide, and thus the bath remains unaltered in 
composition, the silver being simply transferred from anode to 
cathode. 

Salts of Silver 

310. Silver Carbonate AggCOg is made by the usual methods. 
It decomposes when gently heated, giving free silver, 

2AgfiO, = 4Ag + 2CO, + 0^. 

311. Silver Nitrate AgNOa. — Silver nitrate is the most important 
salt of silver. It is prepared by dissolving silver in nitric acid and 
crystallising the solution produced. It is purified by recrystallisation. 

Silver nitrate crystallises without water of crystallisation in 
colourless rhombic tabular crystals. It melts at 212° C. 

Silver nitrate is exceedingly soluble in water. At 0 ° C. 100 gms. of 
water dissolve 121*9 gms. of the salt and at higher temperatures all 
mixtures of the salt and water up to pure melted silver nitrate can 
exist. Thus at 133° C. we may equally well say that 100 gms. of 
water dissolve 1,941 gms. of silver nitrate or that 100 gms. of melted 
silver nitrate dissolve 5*15 gms. of water. 

Silver nitrate decomposes when heated, giving silver nitrite at 
lower temperatures, but at a red heat giving silver, oxides of nitro- 
gen, nitrogen and oxygen. The main reaction is 
2AgN03 - 2Ag + 2 NO 2 + O 3 . 

Silver nitrate readily oxidises organic matter, being reduced to 
black finely-divided metallic silver, especially under the action of 
light. 

This leads to its use as a caustic, lunar caustic, in medicine. 
Warts, etc., when rubbed with it are killed and gradually disappear. 
The use of silver nitrate as a marking ink and as a hair dye is 
dependent on this action. 

Silver nitrate has also a number of other reactions, which are 
characteristic of the silver ion, Ag+. 

Silver sulphate Ag 2 S 04 is sparingly soluble in water (1 : 200 in the 
cold). It forms alums, such as 

Ag^SO^ . AU 80 ^)^ . 24H3O. 
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Silver sulphide AggS is a black substance made by precipitating a 
silver salt with hydrogen sulphide, or by the action of sulphur on 
silver. It is insoluble in dilute acids. 

312. Halides of Silver. — Silver fluoride AgF differs from the 
other halides by being soluble in water. 

Silver chloride AgCl is found native as horn-silver ^ so called from 
its translucent appearance. It is usually prepared by the action of 
hydrochloric acid on silver nitrate, 

AgNOa + HCl = AgCl + HNO 3 . 

It may also be made by the passing of chlorine over heated silver, 
2Ag + Cla = 2AgCl. 

Silver chloride forms a white curdy or flaky precipitate or a white 
powdery solid, which turns blue in the light p. 311). It fuses 
at 460® C. and solidifies to a horny translucent mass. Silver chloride 
is nearly insoluble in water, about 1*6 milligrams dissolving in a 
htre of water. Silver chloride dissolves in ammonia solution, potas- 
sium cyanide solution and sodium thiosulphate solution, in each 
case forming complex ions. 

The theory of the solution of an ‘ insoluble * salt in another solution 
which forms a complex ion with one of its salts is discussed in § 120. 
In the cases of cyanide and of ammonia, silver ion readily forms a 
complex cyanide ion Ag(CN) 2 “, and also a complex ion, Ag(NHj) 2 '‘‘, 
both of which are in equilibrium with very minute concentrations of 
silver ion. The concentrations of silver ion, which can bo in equilibrium 
with ammonia or cyanide ion are so small that they will not, as a rule, 
reach the solubility product of even such ‘ insoluble * salts as silver 
chloride, and consequently these salts will dissolve. 

A less accurate way of regarding the matter is to look on the pro- 
cess as the formation of double salts, silver ammonia chloride, 
sodium argenticyanide and silver sodium thiosulphate. These salts 
are certainly formed and can be isolated, 

AgCl + 2 NH 3 = Ag(NH 3 ) 2 Cl 
AgCl + 2 KCN = KAg(CN )2 + KCl. 

Silver chloride is, on the whole, a very unreactive substance. 
Thus it is almost unaffected by treatment with acids. Silver chloride 
may be converted into silver by fusing it with sodium or potassium 
carbonate, or, better, cyanide, 

2 Na 2 C 03 + 4AgCl = 4NaCl + 4Ag + 2 CO 2 + Og. 

It may also be reduced by heating it in a current of hydrogen, 
2AgCl + 112 = 2Ag + 2HC1, 
or by leaving it in contact with zinc under dilute acid. 

2AgCl + Zn » ZnCls + 2Ag. 
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Silver chloride is converted into silver bromide or iodide when loft in 
contact with potassium bromide or ioditle for some time. The 
solubility product of silver chloride is 1*2 x and therefore 

[Ag+] [Cl~] = 1*2 X 10-^® 
and [Ag+] == M x 10-» 

in a saturated solution. But the solubility product of silver iodide is 
only 1*7 X and so a saturated solution is formed when 

[Ag+] [I-] == 1*7 X 10-1® 

In a normal solution of potassium iodide [I-] = 1, and so silver iodide 
will deposit until [Ag+] is only 1-7 X 10~^®. This is mucli less than the 
concentration of silver ion provided by the dissociation of the chloride 
and accordingly the silver ion formed by the solution of silver chloride 
is converted into solid silver iodide and more silver chloride dissolves, 
forming more silver ion, which is again precipitated. This process 
continues till only a trace of silver chloride remains unconverted into 
the iodide. 

Silver chloride and most other silver salts absorb ammonia gas, 
forming compounds such as 2AgCl . 3 NH 3 , etc. 

813. Silver Bromide AgBr much resembles the chloride and is 
made by corresponding methods. The bromide is pale yellow and is 
not turned blue in light, though it is otherwise affected (§ 316). It 
also differs from the chloride in being less soluble in water and less 
soluble in ammonia. 

314. Silver Iodide Agl resembles the bromide. It is primrose- 
yellow in colour. It is very insoluble in water and practically 
insoluble in ammonia. It is remarkable in that it contracts when 
heated and expands when cooled over the range — 40° C. to 147° 0. 

815. Action 0 ! Light on Silver Salts. Photography. — The effect of light 
on silver salts was noticed by Davy, and the camera was used at quite 
an early date (1841) by Fox Talbot. 

316. The photographic plate consists of glass coated with a suspen- 
sion of silver bromide (with a little silver iodide) in gelatine. The size 
of grains of silver lialide determines the sensitiveness of the plate. 
When this is exposed for a short time to light, as for example, in a 
camera, no visible effect is produced. None the less, a latent image is 
formed on the plate and the parts which have become exposed to light 
can now be developed, i.e., reduced to silver by the action of a suitable 
reducing agent. The latent image consists of minute particles of 
silver,^ too scanty in quantity to be visible. One atom of silver is 
formed by each quantum of light. These particles of silver occuf^y 
only a part of the grain of silver bromide, and development reduces to 
silver the whole of those grains in which any silver has already been 
produced by the light. 

817. Development. — ^All developers are fairly powerful reducing 
agents. The simplest, perhaps, is ferrous oxalate ; most of those in 

1 The theory of the production of a reducible sub-halide (e.y., Ag,Cl) is 
improbable in view of the work of Hartung. 
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general use are aminophenols. Their chemical action on the grains of 
silver bromide is, in general, 

AgBr + HX = Ag -f- HBr + X. 

The silver of the latent image evidently acts catalytically on the silver 
bromide of the grains in which it is contained, causing them to be 
reduced. The mechanism of the reaction is not understood. 

318. Fixation. — The developed image consists of metallic silver and 
silver bromidef' From this the silver bromide must be removed. Any 
solvent for silver bromide which does not affect silver may be used 
and the usual one employed is sodium thiosulphate (hypo.). Silver 
sodium thiosulphate is formed, 

2AgBr -I- SNa^SgOg = + 2NaBr, 

or AgBr ^ Ag+ -h Br“ 

2Ag+ + . 

Potassium cyanide solution can also be employed. The plate is washed 
thoroughly, for the thiosulphate has a solvent effect on silver, and 
then dried. 

819. Printing and Toning. — The chemistry of printing and fixing a 
bromide paper is similar to that described for a plate. Printing-out 
paper has a basis of silver chloride. The action is continued till a 
considerable amount of silver is produced. Fixation leaves this image 
of a disagreeable rod tone. It is therefore immersed, before fixation, 
in a weak solution of gold chloride AuClg (or sodium chloraurate 
NaAuCJ^ . 2 H 2 O). 

The reaction is 3Ag -f AuClg = BAgCl + Au. The grains of silver 
are thus coated with a fine layer of gold. Fixing and toning are 
ordinarily carried on simultaneously. In self-toning papers the gold 
salt is incorporated in the emulsion. 

Numerous other processes of photographic printing are based on 
various reactions brought about by light, e.g,, reduction of organic ferric 
salts, decomjjosition of diazonium compounds, action of dichromates on 
gelatin, etc. 

820. Silver Residues. — Solutions and precipitates containing silver 

are collected in most laboratories in a ‘ silver residues ’ bottle. The 
silver is best recovered by precipitating it as the chloride by addition of 
hydrochloric acid. If the residues contain cyanides, as is often the case, 
the precipitating and filtration should be performed in a good fume 
cupboard or the open air, as the extremely dangerous vapour of 
hydrogen cyanide may be evolved. The precipitate of silver chloride 
is filtered off, washed and warmed with caustic soda solution and 
glucose. When reduced to metallic silver, the precipitate is washed, 
dried and mixed with some twice its weight of sodium carbonate and 
fused in a clay crucible.^ ' 

820a. Bivalent Silver. — Silver, as being analogous to copper, might 
be expected to form bivalent compoimds. These have been discovered, 
but are only stable in the form of complex compounds .with such bases 
as pyridine. 

* A Bunsen burner will not produce enough heat. The crucible is best 
placed on a bright glowing coal fire. 



312 COPPER— SILVER— GOLD 

A typical example is tetrapyridinoargentic nitrate 




^py 

^Ag 

^ K 
py ^py 



where py = HC 


H H 
\c=o/ 


N 


H H 


It is made by electrolysing an aqueous solution of silver nitrate and 
pyridine, isolating the anode by means of a porous pot. Nitrate ions 
aie discharged at the anode and react thus, 

AgNOj + NO 3 + 4py = [Ag(py) 4 ] (NOalj. 

The bivalent silver compounds are orange in colour. They would 
naturally be coloured, for the loss of two electrons makes the 4g quantum 
group incomplete. 

They are most powerful oxidising agents, converting manganous 
salts to permanganates. 


320b. Argentic fluoride AgP 2 has been prepared by the action 
of fluorine on silver halides. It is a powerful fluorinating agent. 

321. Detection and Estimation. — Silver is readily detected by the 
formation of its insoluble chloride, AgCl, when a solution containing 
silver is treated with hydrochloric acid, 

Ag+ + Cl-^AgC4. 

Lead salts and mercurous salts give similar insoluble chlorides. If 
these metals may also be present in the material tested, lead chloride 
is removed from the precipitate by treating it with boiling water, in 
which it is soluble. The residue may contain silver chloride and 
mercurous chloride. The former may be dissolved out by means of 
ammonia (§ 312) and reprecipitated with nitric acid. The precipi- 
tate of silver chloride is flocculent and white, becoming blue on 
exposure to light, t? 

Silver is estimated by precipitation as above, the precipitate being 
filtered off, dried at 110"* C. or above and weighed. It may also be 
estimated volumetrically by titration with standard sodium chloride. 
A standard solution of the latter salt is run from a burette into 
the solution of the silver salt contained in a stoppered bottle. After 
each addition of the chloride the solution is shaken so that the 
silver chloride shall settle out, leaving a clear liquid. The end- 
point is shown by a drop of the sodium chloride solution giving no 
cloud of silver chloride as it enters this supernatant liquid. The 
calculation is based on the equation, 

AgX + NaCl = AgCl + NaX, 

one atom of silver corresponding to one molecule of sodium chloride. 
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Potassium chromate is sometimes used as an indicator in the 
above titration. The silver solution is neutralised and is run from 
the burette into standard sodium chloride to which a drop of the 
chromate solution has been added. While any chloride remains the 
reaction, 

Ag+ + Cl-->AgC4, 

results in the precipitation of the very insoluble silver chloride only. 
As soon as the chloride has disappeared (or been reduced to a very 
minute concentration), the chromate ion reacts, forming red silver 
chromate, ♦ 

2Ag+ + Cr04““ Ag2Cr04. 

The appearance of this red colour marks the end of the reaction. 

Silver is also titrated by the Volhard method, which depends on the 
formation of the insoluble silver thiocyanate AgCNS. A standard 
solution of ammonium thiocyanate is rim into the solution of a silver 
salt (which must not be strongly acid) to which a little iron alum 
solution has been added. The end-point is marked by the appearance 
of a red colour due to ferric thiocyanate (§ 1166), 

NH4CNS 4 * AgNOa = AgCNS -f NH4NO3. 

Adsorption indicators are now much used. Certain dyes (c.gr., dichloro- 
fluorescein) are added to the solution of chloride to bo titrated. The 
silver nitrate is run in. The silver chloride formed adsorbs chloride 
ion as long as any remains. 

At the end-point, when a minute excess of silver nitrate is present, 
this adsorbed chloride is removed, and in place of it the silver chloride 
adsorbs the ions of the dye. The effect of this is that the suspension 
of white silver chloride in the pale yellow dye solution becomes strongly 
pink, marking the end-point clearly. Weak acids, but not mineral 
acids, may be present. 


GOLD Au, 197-2 

822. Historical. — Gold is the most anciently known of metals. 
The Egyptians worked gold from the earliest time and gave it the 
significance, first of all, of Hathor, the cow-goddess of fertility, and 
later, of Ra the sun-god. It has universally been the precious metal 
par excellence, for indeed it is unrivalled in its colour and lustre, its 
imperishability and its ductility which has enabled it to be worked 
into so many objects of beauty. Though to-day it has lost the 
position of being the chief medium of currency it still represents the 
final reserve of wealth and lies in thousands of tons in the coffers of 
the great banks. 

828. Occurrence. — ^The only source of gold of any importance is 
the native metal. This is found widely distributed in minute traces. 
The chief minerals that contain it in workable quantities are certain 
‘ reefs ' of quartz and certain alluvial gravels. 
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The chief quartz deposits are in South Africa, and auriferous 
gravel is found chiefly in the western parts of North America. 
Quartz containing as little as ‘001 per cent, of gold and gravels 
containing as little as ‘00003 per cent, can be profitably worked. 

3^. Extraction of Gold. — Auriferous gravels arc worked by wash- 
ing them with water. Streams of water are projected on to the 
deposit and the water as it runs off carries the gold dust together 
with much sand, clay, etc., in suspension. The water is then 
directed through long wooden troughs, where the gold dust is first 
deposited owing to its high specific gravity, and is caught by battens 
nailed across the bottoms of wooden troughs. The clay, etc., being 
lighter, is carried away. 

Gold-bearing quartz is usually treated by the cyanide process. 
Gold reacts slowly with sodium cyanide, forming sodium auro- 
cyanide. 

The reactions are probably : — 

(1) 2H20+2Au+4NaCN+02=2NaAu(CN)24-2Na0H+Ho02. 

(2) H202+4NaCN+2Au=2NaAu(CN)2+2Na0H. 

The nature of these reactions is still in dispute. 

The ore is crushed very finely by stamp-mills and placed in large 
vats with false bottoms. Very weak sodium cyanide solution, 
0‘15 per cent, or less, is allowed to percolate through it. The cyanide 
solution then runs through long boxes filled with zinc shavings. 
The gold is precipitated as a black slime, 

2NaAu(CN)a + Zn = 2NaCN + 2Au + Na 2 Zn(CN) 4 , 
which is then melted with some oxidising agent to remove the zinc. 

325. Refining of Gold. — ^Crude gold commonly contains silver and 
copper. It is usually purified by ‘ parting ^ with sulphuric acid. 
If the alloy contains more than 30 per cent, of gold, the proportion 
is reduced by melting it and alloying it with silver ; the object of this 
process is to make the gold alloy readily attacked by the acid. 

The alloy is granulated by pouring it into water and then boiled 
with concentrated- sulphuric acid in cast-iron pots. 

The silver and copper react with the acid and the gold remains. 
The gold is then melted and cast into ingots. The acid liquor is 
diluted and treated with scrap copper, when the silver is precipitated, 

Ag 2 S 04 + Cu = CuSO^ + 2Ag. 

An electrolytic method is sometimes used, similar to that described 
under copper (p. 291). The anode is a slab of the impure alloy, the 
cathode a sheet of silver, and the electrolyte silver nitrate with some 
nitric acid. The silver deposits on the cathode and dissolves (with 
any copper) from the anode. The gold remains at the anode. 
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The anodes may then be cast into slabs and again electrolysed 
with a gold cathode and a hydrochloric acid and gold chloride 
electrolyte. Pure gold deposits on the cathode while the silver 
remains as a residue of chloride. 

326. Properties of Gold. — Gold is a metal of familiar yellow tint. 
Very thin leaves of gold transmit a green light. Gold is soft, though 
harder than lead, and is extremely malleable and ductile. Gold leaf 
is produced simply by hammering strips of gold interleaved at first 
with vellum, and when thinner with gold-beaters* skin, made from 
the caecum of an ox ; it can be beaten out to a thickness of -00008 
mm. A cube of gold, of edge 3 inches in length, could be beaten out 
to cover an acre. Gold melts at 1,064° C. Its density is very high, 
19*3, only exceeded by rhenium, platinum, iridium and osmium. 

Gold is unaffected by oxygen or by any of the constituents of the 
air. It is unattacked by any of the acids (except iodic acid and 
selenic acid), nor is it attacked by alkalis. 

Gold is attacked by the halogens and therefore by aqua regia, 
which evolves chlorine (p. 685) and converts gold into chlorauric acid^ 
2Au + 3 CI 2 + 2HC1 = 2 HAUCI 4 . 

Gold is slowly dissolved by potassium cyanide solution as described 
in § 324 above, also by aqueous solutions of sulphides and thio- 
sulphates. 

327. Colloidal Gold. — Gold being quite unattacked by water can 
persist as a colloidal solution for long periods. Such colloidal solutions 
are prepared by Bredig’s method (v. § 92 (2) ) or by reduction of very 
pure dilute solutions of gold chloride. The following method may be 
used : 

Make up a solution of 0-1 gm. of ‘gold chloride* (chlorauric acid) 
in 30 c.c. of distilled water. Add this to 400 c.c. of boiling distilled 
water. Add to this 2 c.c. of a 0-05 molar solution of Rochelle salt, drop 
by drop. Blue colloidal gold is first formed and gradually becomes red. 
To ensure success very pure distilled water, twice re-distilled through a 
tin condenser, should be used. All vessels must bo of resi«^tance glass, 
previously well steamed, to remove alkali (§ 201). 

These colloidal solutions have varioiis colours : red, blue, violet and 
green, depending upon the size of the particles. Examined by the 
ultramicroscope — a powerful microscope arranged to give a brilliant 
illumination, so directed as not to pass into the lens of the microscope, 
but rather to light up any minute particles brilliantly against a dark 
background — these solutions are seen to be filled with minute particles 
discernible as brilliant specks in vigorous and chaotic motion. The 
gold is evidently in minute granules so small as to be held suspended in 
peipetual vigorous motion by the buffets of the vibrating molecules of 
the liquid. These solutions are readily precipitated in presence of 
charged ions and are therefore dif^cult to preserve unless the materials 
used are very pure. 

When gold is precipitated together with another colloid it may form 
a solid colloidal solution of fine purple tint — the so-called jmrpU of 
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Cassius, This pigment is made by mixing a solution of stannous 
chloride containing stannic chloride with a dilute solution of gold 
chloride. Probabty metallic gold and colloidal stannic acid are formed 
together : 

2 AuC ]3 -4- SSnClj = 2Au + 3 SnCl 4 
SnCl 4 -f 4HjO ^ Sn(0H)4 + 4HC1. 

The colloidal stannic acid ‘ protects * the gold particles and the colour 
of the colloid is permanently preserved. Aluminium may be sub- 
stituted for tin if an alkaline solution of glucose is used as reducing agent. 

328. Atomic Weight of Gold. — ^A value near 200 is indicated by 
Dulong and Petit’s law, the Periodic law, and tlie molecular weight of 
gold compounds in solution. The equivalent of gold and its exact 
atomic weight have been determined : 

( 1 ) By converting a known weight of auric chloride AuClj into silver 
chloride 3AgCl. 

( 2 ) By the electrochemical method (§ 280). 

(3) By heating potassium bromoaimate KAuBr 4 and weighing the 
residual gold. 

The best representative value is 197*21. 

329. Oxides of Gold. — Two oxides exist : 

Aurous oxide AujO. 

Auric oxide AugOj. 

These oxides of gold are made by precipitating aurous and auric 
chlorides respectively with caustic potash, washing and drying the 
precipitate. 

Both oxides are very unstable, on gentle heating yielding metallic 
gold and oxygen. 

330. Gold Salts. — All the gold salts are decidedly imstable. 

Auric sulphate Au 2 ( 804)3 is very unstable, depositing gold on warming. 

Auric nitrate Au(N 03 )g only stable in presence of concentrated 
nitric acid. 

Aurous nitrate AdNOg has been prepared. 

Aurous chloride AuCl is made by heating auric chloride to 170®- 
180° C. It is insoluble in water (cf. cuprous and silver chlorides). It 
is decomposed by water to auric chloride and metallic gold. 

331. Auric Chloride, Gold Trichloride AuClj. — When gold is dissolved 
in aqua regia and the solution concentrated yellow crystals separate. 
These are hydrated chlorauric acid HAuClg . iHjO. This is the 
substance sold as “ gold chloride.” When this is heated in a current 
of chlorine at 200° C. auric chloride AuClj is formed as red crystals. 

Auric chloride is readily decomposed in neutral solution to aurous 
chloride and hydrogen peroxide, 

AuClj + 2HaO = AuCl + 2HC1 + H 3 O,. 

On heating it forms, at first, aurous chloride, and finally gold and 
chlorine, 

AUCI 3 = AuCl + Cl* 

2AuCl = 2Au + Cl,. 

Reducing agents readily reduce it to metallic gold. 

With hydrochloric acid it forms chlorauric acid HAuCl, . 4H,0. 
The chloraurates of sodium and potassium are used for toning prints in 
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photography {v. § 319). Chlorauric acid is a more stable compound than 
auric chloride. 

382. Detection of Gold. — One of the most sensitive tests for the 
detection of gold salts is the addition of a mixture of dilute stannous 
and stannic chlorides to the solution suspected of containing it. A 
purplish precipitate, the so-called ‘purple of Cassius,* consisting of a 
mixture of hydrated stannic oxide and finely-divided gold, is produced 
at once on heating, but only very slowly in the cold. 

833. Estimation of Gold. — Gold is usually estimated by assaying. 
The gold ore is very finely crushed and a weighed amount of it is mixed 
with lead oxide, charcoal, borax and soda. It is then fused in a 
crucible and a button of metallic lead alloyed with any gold and silver 
present settles to the bottom. This lead button is heated on a small 
cupel (p. 304) of magnesia or bone ash in a muffle furnace, imtil all tlie 
lead has changed to oxide. This melts and soaks into the cupel and 
leaves behind a bead of gold and silver. This bead is flattened and 
heated with nitric acid, which dissolves out the silver. It is then 
heated to redness to make its particles cohere, and weighed on a delicate 
assay balance. 



CHAPTER XII 


THE ALKALINE EARTH METALS 

334« Introductory. — Group II. of the periodic table consists of 
the elements, 


II. A. 

II. B. 

Beryllium. 

Magnesium. 

Calcium. 

Zinc. 

Strontium. 

Cadmium. 

Barium. 

Mercury. 

Radium. 



Group II. A has an electronic structure, compj’ising one or more com- 
plete electron sheaths, together with two outer valency electrons. Thus 
the calcium atom has the structure 2. 8. 8. 2 and the radium atom 
2.8.18.32.18.8.2. The elements of this group are therefore bivalent. 
The elements of Group II. B have also two outer valency electrons, and 
are bivalent. They, however, have not a completed set of inner 
electrons, but unlike the incomplete groupings of the transition 
elements, its inner group of 18 is too stable to be able to furnish any 
valency electrons. Thus the zinc atom has the structure 2.8.18.2, and 
the mercury atom 2.8.18.32.18.2. This group then does not resemble 
the transition elements, the ‘ cores * of which can furnish valency 
electrons. Their salts are colourless and they are of fixed electro- 
valency (but see § 440). 

The elements of Group II. A, the alkaline-earth metals, are 
bivalent, and are characterised by a strong electropositive character^ 
being second only to the alkali metals in this respect. Connected 
with this fact, as we see in § 126, are the properties which follow. 

The elements are highly reactive. They bum in air, readily 
decompose water and react easily with acids. Their oxides are 
strongly basic and their hydroxides are alkaline in character. Their 
salts are stable. 

The metals of the alkaline earths differ from the alkali metals 
in that they are somewhat less reactive. Moreover, a great differ- 
ence in the practical methods of preparing and manipulating their 
compounds is occasioned by the fact that, while the salts of the 
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alkali metals are almost all freely soluble, many of the salts of the 
alkaline earth metals are insoluble in water. This circumstance 
renders the behaviour of such a salt as sodium carbonate entirely 
dijfferent from that of calcium or magnesium carbonate. 

BERYLLIUM Be, 9 02 

335. Sources. — Beryllium, also known as glucinum, is contained in the 
minerals, beryl and emerald. 

Beryl is a not uncommon mineral and is the source of beryllium 
compounds, which are prepared from it as follows : — 

Beryl, which is beryllium alumino-silicate 3BeO . AlgOg . GSiOg may 
be finely powdered and fused with sodium silicofluoride. The product 
contains silica, and also sodium, aluminium, and beryllium as fluorides, 
which are extracted by boiling water. The addition of a slight excess 
of caustic soda precipitates beryllium hydroxide, together with a little 
aluminium hydroxide. The precipitate is filtered olf and dissolved in 
sulphuric acid, and from this solution beryllium sulphate may be 
crystallised. 

Metallic beryllium is prepared by the electrolysis of fused sodium 
beryllium fluoride. 

336. Atomic weight of Beryllium. — That beryllium has an approxi- 
mate atomic weight of 9 was established with some difficulty. The 
equivalent is about 4*5. Dulong and Petit’s law breaks down here, 
giving at ordinary temperatures a value for the atomic weight of about 
16, but at higher temperatures a value approximating to 9. Its likeness 
to magnesium, etc., is not so great as to necessitate its being placed in 
Group II., for it shows quite as great an analogy to aluminium. The 
question was settled by a study of the vapour density of the chloride. 
The value for the molecular weight BeClj would be 

Be . . . . 2 X 4*6 

Clj . . . .71 


80 

and for BeClj Bo . . . . 3 x 4*6 

CI 3 . . . . . 106*5 


120 

The actual results sliowed a vapour density near 40, giving a molecular 
weight not far from 80, agreeing with the former value. 

The specific gravity of its solutions showed analogies to the elements 
of Group II. rather than Group III., and so favoured the view that it 
was bivalent ; as did also the impossibility of accommodating an 
element of atomic weight, 13*5, in Group III. of the Periodic table. It 
was concluded then that the atomic weight was about 9 and the most 
recent and exact determinations show a value of 9*02. 

337. Properties of Beryllium and its Compounds.— Beryllium is a 
hard white metal. Its melting point is high (c. 1,400^ C.) and its 
density is very low, 1*93. Its chemical properties are, on the whole, 
similar to those of magnesium (g.t;.), but it does not decompose 
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water even at a red heat, an impervious layer of oxide probably 
being formed. It reacts with caustic alkalis in the same manner as 
zinc or aluminium. It seems probable that beryllium alloys will 
find considerable uses in the future, for they are light, strong and 
not readily subject to corrosion. 

Beryllium oxide BeO is a white powder, insoluble in water. It 
forms beryllium salts with acids, and like zinc forms salts with alkalis 
such as Be(OK) 2 . 

Beryllium forms a series of salts in which the metal is divalent. These 
resemble, on the whole, the salts of magnesium. Its behaviour, how- 
ever, differs in some respects from that of the other members of 
Group II. A, and resembles that of aluminium (cf. resemblance of 
lithium to magnesium, § 220). In the first place, its oxide and 
hydroxide have both basic and also feebly acidic characteiistics. In 
the second place its halides such as beryllium chloride are easily 
hydi'o lysed by water, 

BeClg + 2 H 2 O ^ Be{OH )2 -f 2HC1. 

Thirdly, it forms a series of basic salts with great ease, one of which, the 
basic acetate, is remarkable in that it is volatile at comparatively low 
temperatures. The peculiar behaviour of beryllium is duo to the small 
size of its atom. This caiises it to form complex compounds with great 
ease, and to be ionised to a less extent than the other elements of the 
group. 

MAGNESIUM Mg, 24-30 

338. History and Occurrence. — Magnesium compounds, such as 
the sulphate and carbonate, have been known since early times. The 
word magnesia dates back to classical times, but it is not at all 
certain that any of the compounds to which it was applied contained 
magnesium. The metal magnesium was first prepared by Davy, in 
1808, by electrolysing the chloride. 

Magnesium occurs chiefly as magnesite, MgCOa and dolomite, 
(MgCO^ + CaCOg), the latter mineral forming whole mountain 
ranges. It is also found as kieserite, monohydrated magnesium 
sulphate, and together with potassium salts in kainite and camallite 
(§ 255). Many minerals are double silicates of magnesium and 
some other metal. Among these are talc, meerschaum, asbestos, 
and serpentine. 

Magnesium sulphate is contained in many mineral springs and 
magnesium chloride is found in sea water. 

339. Preparation of Magnesium. — Magnesium is made by the 
electrolysis of the fused chloride, 

MgClg - Mg + Cla. 

Magnesium is prepared industrially by electrolysis of a mixture of 
fused magnesium chloride, sodimn chloride and potassium chloride, the 
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latter salt preventing the decomposition of the chloride by hydrolysis 
(§ 345). One type of cell used is that shown in Fig. 84. The fused 
chlorides are kept hot by a furnace (not shown). The cathode is the 
iron cell itself, the anode a carbon rod enclosed in a porcelain casing, 
through which the chlorine produced passes away. The magnesium 
collects at the top of the cell. Care must be taken to avoid oxidation, 
as this prevents the globules of metal forming a coherent mass. A 
current of a reducing gas is therefore led through the cell and a reducing 
agent, such as carbon, is sometimes added. 

340. Properties of Magnesium. — Magnesium is a silver-white 
metal. It melts at 650 t 2° C. and boils at about 1,100° C. Mag- 
nesium has a density of 1*75. It is strong and can be worked. Its 
lightness would bring it into use for aeroplane parts, etc., were it 
not that it soon corrodes in contact with moisture. 

Its alloy with aluminium, mcignalium, has found considerable use 
where a very light and strong 
metal is required. 

Magnesium is not affected by 
dry air at ordinary temperatures, 
but when heated, burns with an 
exceedi?igly brilliant white flame. 

Many applications of this in 
photograph}’ and pyrotechny 
have been made. Flash-powder 
for photographic use may be 
made from magnesium and an 
oxidising agent such as potassium 
permanganate. Magnesium re- 
acts readily with most of the 
non-metals, such as oxygen, the 
halogens, sulphur, phosphorus and arsenic and nitrogen, burning 
brilliantly in chlorine and bromine, iodine and sulphur vapour. 
The nitride (q,v.) is very readily formed. Magnesium reacts with 
water, slowly in the cold and rapidly when boiling, forming 
magnesium hydroxide and hydrogen. 

Mg + 2H,0 = Mg(OH)2 + Ha. 

It bums when heated in steam, forming the oxide and hydrogen. 

Mg 4- HaO == MgO + H^. 

With dilute acids, hydrogen and a salt are formed. Magnesium is the 
only metal which gives hydrogen with dilute nitric acid. 

Alkalis do not attack magnesium. Magnesium being very electro- 
positive in character readily displaces nearly all of the metals from 
their salts, 

*. 0 - 



Fig. 84. — Preparation of 
magnesium. 


X 
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Mg + PbCNOa)^ - Mg(N03)a + Pb 
or Mg + Pb+ + = Mg+ + + Pb. 

Magnesium decomposes most oxides. Thus, when heated in carbon 
dioxide it bums, forming magnesium oxide and depositing carbon, 

2Mg + CO 2 - 2]VIgO + C. 

Uses, — ^The chief uses of magnesium are in photographic flash 
lights and flares to be used for signalling, or as fireworks. In 
chemical work it finds a use as a reducing agent, and in the prepara- 
tion of the Grignard reagent, much used in organic chemistry. 

841. Atomic Weight of Magnesium. — The approximate value of 24 
for the atomic w(Mght is indicated by Diilong and Petit’s law, and the 
Periodic table and the molecular weights of its salts in solution. The 
equivalent is 12*15 and the element is therefore bivalent. 

The best atomic weight determinations depend on the change of 
weight when magnesium chloride is converted into silver chloride, and 
when magnesium sulphate is converted into the oxide and vice versd. 
The best value appears to be 24*30. 

342. Magnesium Oxide, Magnesia Usta, MgO. — ^Magnesium oxide 
may be prepared by the combustion of magnesium, 

2Mg + 02 = 2MgO. 

In commercial practice it is made by heating the carbonate, 
MgC03 = MgO + CO 2 , 

or by calcining the hydroxide, made by the action of lime on 
magnesium chloride, a waste product in the potash industry, 

Ca(0H)2 + MgCla = Mg(0H)2 + CaCl 2 
Mg(0H)2 = MgO + H 2 O. 

Magnesium oxide is a white powder. It is highly infusible, but 
can be melted at the highest temperature of the oxyhydrogen flame. 
Magnesium oxide dissolves in about fifty thousand times its weight 
of water and the solution is alkaline. 

It is a basic oxide, dissolving readily in acids to form magnesium 
salts. It is not reduced by hydrogen or carbon. 

Magnesia is used in medicine. It neutralises an excess of acid in 
the stomach, if present, and the magnesium salts so formed have a 
laxative action. Large quantities of magnesia are used for making 
fire bricks for lining furnaces (cf. Fig. 187). 

348. Magnesium Hydroxide, Mg(0H)2 is made by the action of 
potassium or sodium hydroxide upon a solution of a magnesium 
salt, 

2K0H + MgCla = Mg(0H)2 + 2KC1, 

Magnesium hydroxide forms a white powder only very slightly 
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soluble in water but readily soluble in ammonium chloride solution 
owing to the reaction, 

Mg(OH)2 + 2NH4CI ^ 2NH4OH + MgClg. 

The removal of hydroxyl ion by combination with the ammonium 
ions furnished by the ammonium chloride causes the magnesium 
hydroxide, already in solution, to dissociate further, thus restoring 
equilibrium ; the removal of this magnesium hydroxide from solution 
causes the solution to become unsaturated, and more magnesium 
hydroxide therefore dissolves. 


( 1 ) 

Mg(OH),^Mg(OH),. 

Solid. Saturated 


Solution. 

( 2 ) 

Mg(OH)a ^ Mg++ + 20H- 

Solution. 

(3) 

NH 4 + 4- OH- ^ NH 4 OH. 


Magnesium hydroxide is basic in character. It absorbs carbon 
dioxide from the air and has a slightly alkaline reaction. 

It finds a use in the sugar industry, for when mixed with molasses, 
which contains sugar in a form not easily crystallisable, it produces 
insoluble magnesium saccharate, which can be decomposed by 
carbon dioxide, forming magnesium carbonate and pure sugar. 
Strontium hydroxide is commonly used for the same purpose. 

844. Magnesium Salts. — Only one series of magnesium salts 
exists. They are colourless except when combined with a coloured 
acid, and have a bitter taste. They are not j)oisonous but have the 
effect of saline purgatives. Magnesium compounds give no colour 
to the Bunsen flame. 

Solutions of magnesium salts contain the ion Mg+ +. They give 
precipitates with the following reagents : — 

(1) Alkalis precipitate magnesium hydroxide, soluble in 
ammonium chloride solution, 

Mg+ + + 20H- ^ Mg(OH)4. 

(2) Soluble carbonates precipitate basic magnesium carbonates 
(g.v.), also soluble in ammonium chloride. 

The above precipitation reactions will not, of course, take place 
in a solution containing ammoniiim salts. 

(3) Sodium phosphate in presence of ammonia and ammonium 
salts precipitates white crystalline magnesium ammonium phosphate, 

Mg+ + + NH4+ + PO4 + 6H2O MgNH4P04 . GHgO. 

The salt is practically insoluble in water and even less soluble in 
ammonia. Its formation distinguishes magnesium from the 
alkali-metals and also affords a means of estimating magnesium 
(§350). 
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345. Magnesium Chloride MgCls is found in sea-water and also 
combined with potassium chloride as camallite KCl . MgClg . GHgO. 
It can be made by the usual methods for preparing soluble 
salts (§ 172), the hydrate MgClg . GHgO being obtained. If an 
attempt is made to dehydrate this by heat the chloride decomposes 
slightly, 

MgCla + HgO ^ MgO + 2HC1. 

The difficulty is overcome by dehydrating in a current of hydrogen 
chloride, the high concentration of this preventing the formation of 
magnesium oxide in appreciable quantity. 

On the commercial scale magnesium chloride is made from the 
mother liquors from which potassium chloride has been crystallised 
(§ 265) in its manufacture from Stassfurt camallite. 

Hydrated magnesium chloride is a colourless deliquescent salt with 
a bitter taste. It is very soluble in w ater ; 100 gms. of w ater at room 
temperature dissolve 130 gms. of the chloride, and at 100° C. about 
366 gms. It forms compounds with alcohols, such as 
MgClg . 6C2H5OH. 

When heated the hydrated salt decomposes as mentioned above. 
The anhydrous salt, heated in a current of oxygen, is partially decom- 
posed into magnesium oxule and chlorine. 

2MgCl2 + 02 = 2MgO + 2 CI 2 . 

Concentrated magnesium chloride solution combines with mag- 
nesium oxide to form the oxychloride. A cement is occasionally 
made by mixing magnesium oxide and magnesium chloride solution 
as above. It forms a paste which sets within a short time to a hard 
mass of the oxychloride, the formula of which seems to be 
MgClg . 5MgO aq. 

Magnesium bromide MgBrg occurs in sea water, as also does the 
iodide. 

346. Magnesium Carbonate MgCOs is found native as magnesite 
and associated with calcium carbonate as dolomite. When sodium 
bicarbonate solution saturated with carbon dioxide is mixed with 
a solution of a magnesium salt the normal carbonate is slowly 
deposited. If, however, solutions of magnesium sulphate or chloride 
are mixed with solutions of sodium carbonate various hydrated basic 
carbonates are obtained. These occur in two forms. If precipitation 
is carried out in the cold a very'bulky precipitate is obtained, which 
dries to a voluminous light powder, known as magnesia alba levis. 
Precipitation in boiling solution gives a denser form, magnesia alba 
ponderosa. The light variety is said to be SMgCOg . Mg(OH )2 , SHjO, 
while the heavy variety is SMgCOs . Mg(OH) 2 . 4 H 2 O. 
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It is, however, doubtful if these carbonates are pure compounds 
{V, § 507). 

All the varieties of magnesium carbonate are white powders, 
insoluble in water. When heated they decompose, leaving magne- 
sium oxide, magnesia usta. 

Magnesium carbonate is insoluble in water, but soluble in carbon 
dioxide solution, forming the bicarbonate, 

MgCOa + H,C 03 ^ Mg(HC 03 ) 3 . 

It is also soluble in solutions of ammonium salts, the soluble double 
carbonate of magnesium and ammonium being formed. In other 
respects magnesium carbonate has the usual properti(‘s of carbonates. 

347. Magnesium Nitride MggNa is formed when magnesium is 
heated in a current of nitrogen. It is also formed when the metal 
is heated in an insufficient supply of air. Thus, if a deep layer of 
magnesium powder is heated in a covered crucible for somcj time the 
upper part will be converted into oxide and the low er into nitride. 
Magnesium nitride forms a yellowish powder. Water decomposes 
it to magnesium hydroxide and ammonia, 

Mg3N3 + 6H3O = 3Mg(OH)2 + 2NH3. 

348. Magnesium Nitrate Mg(N 03)2 . 6 H 2 O is a very soluble salt. 
Like the chloride it cannot be dehydrated without partial decomposi- 
tion. In other respects it resembles the nitrates of the heavy metals 
(§ 750). 

349. Magnesium Sulphate MgS 04 . — F. Hoffmann, in 1729, drew 
attention to the existence of this salt in various mineral waters and 
considered it to be a compound of sulphuric acid and a ‘ calcareous 
earth.’ 

Magnesium sulphate occurs as the mineral kiescritc, MgS04 * HgO, 
in the Stassfurt deposits, and as epsomite MgS04 . 7H2O, in certain 
gypsum deposits. Many mineral springs contain the salt, such as 
those of Epsom (from which the term Epsom salts is applied to the 
hydrate MgS04 . 7H2O), Bath, Seidlitz, etc. 

Magnesium sulphate is generally manufactured from kieserite. 
This salt is soluble with great difficulty, and any other adherent salts 
are washed away from it with water. The kieserite slowly hydrates 
itself and sets to a solid mass of epsomite. This is recrystallised and 
sold as Epsom salts. 

MgS04 . H2O + 6H2O = MgS04 • 7H2O. 

Some magnesium sulphate is made from dolomite, which is calcined 
and treated with sulphuric acid. The supernatant solution of 
magnesium sulphate is siphoned from the insoluble calcium sulphate 
and crystallised. 
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Hydrated magnesium sulphate forms colourless crystals of 
composition MgS04 . THgO. They have a harsh and bitter taste 
and act as an excellent mild purgative. They are freely soluble 
in water, 100 gms. of which dissolve 25*76 gms. at 0° C. 

When heated the crystals lose six molecules of water at 100- 
150° C., but retain the seventh till 200° C. is reached (cf. § 208). In 
chemical behaviour magnesium sulphate has the usual properties 
associated with magnesium salts and sulphates. 

350. Detection and Estimation o! Magnesium. — Magnesium is 
detected in presence of other metals by the fact that in presence of 
ammonium salts it is not precipitated as sulphide, hydroxide or 
carbonate. It is thereby distinguished from all metals except the 
alkali metals. From these it is distinguished by its giving a crystal- 
line precipitate of magnesium ammonium phosphate, 

MgNH 4 P 04 . GHgO, 

when a solution of a magnesium salt is mixed with solutions of 
ammonia, ammonium chloride and sodium phosphate. 

To estimate magnesium the above phosphate may be precipitated, 
quantitatively filtered off, dried, ignited and weighed as pyro- 
phosphate Mg2P207. 

2[MgNH4P04 . 6H2O] = MggPgO^ -f 2NH3 -f I3H2O. 

CALCIUM Ca, 40 08 

351. Historical. — Calcium carbonate in its various mineral forms 
has, of course, been known since the earliest times, and lime-burning 
wac practised by the Romans, and in all probability by earlier 
peoples. The distinction between chalk, slaked lime and quick- 
lime was explained by Black as recently as 1756. The element 
calcium, in an impure state, was prepared in 1808 by Davy. 
Calcium was not obtained in a pure state until Moissan, in 1898, 
obtained it in a crystalline condition. 

352. Occurrence. — The element calcium does not occur free in 
Nature, but its compounds form a considerable part of the earth’s 
crust. Calcium carbonate as calcite, marble^ limestone and chalk 
forms whole mountain ranges, while dolomite^ calcium carbonate 
associated with magnesium carbonate, also occurs in enormous 
masses. Calcium sulphate in the forms of anhydrite CaS04, and 
gypsum CaS04 . 2H2O, is a very common mineral. Calcium 
phosphate and fluoride also occur in large quantities, while calcium 
silicates form a constituent of many igneous rocks. 

Calcium salts are present in most natural waters. They are 
necessary constituents of both plant and animal tissues. The 
mineral portions of the bones consist of calcium phosphate, and 
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calcium salts therefore play a very important part in the human 
body. While most articles of food contain an adequate supply of 
calcium compounds, the presence of a small proportion of vitamin D 
is needed to secure its absorption by the bowel. A deficiency of this 
vitamin therefore tends to produce the disease of rickets. The 
proportion of calcium present in the blood is regulated by a 
special gland, the parathyroid, a disordered functioning of which 
gives rise to several, fortunately rare, disorders. 

353. Preparation of Calcium. — Calcium is commonly prepared by 
the electrolysis of fused calcium chloride, 

CaCla = Ca + Cl^. 

Several i)rocesses have been used and the most satisfactory appears 
to be that described below and illustrated in Fig. 85 : — 

Pure calcium chloride is used as the electrolyte. This is contained 
in a coll of graphite, which is protected by the chloride solidified upon 
it. The anodes are of graphite and the cathode is a water-cooled 
graphite rod. On this rod, which only just touches the surface, calcium 



Fig. 85. — ^Preparation of calcium by electrolysis 
of fused calcium chloride. 

solidifies and by slowly raising it a rod of calcium is produced. Chlorine 
is formed at the anodes and is allowed to pass away up a flue. Con- 
siderable care is needed in regulating the current, temperature, etc, A 
voltage of 25-*'30 with a current of c. 400-600 amp. per coll is employed. 

354. Properties. — Calcium is a silver-white metal harder than 
lead but softer than the majority of the metals. It melts at 810® C, 
Calcium is very light, having a density of 1-55. 

Calcium dissolves in melted sodium, crystallising out on cooling. 
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The excess of sodium may be removed by treatment with alcohol, 
leaving almost pure crystals of calcium. 

Calcium is very reactive in character. It combines directly with 
most of the non-metallic elements. 

Thus it bums in air or oxygen with a reddish light, forming the 
oxide. In air some nitride is also formed, 

O 2 “h" 2Ca = 2CaO. 

The ready formation of the nitride affords an excellent method of 
separating nitrogen from the rare gases (§ 1241). 

3Ca + Ng = CaaNg. 

Calcium reacts with hydrogen under pressure to form the hydride 
CaHg. Calcium burns when heated in chlorine, bromine and iodine, 
forming the halides (q.v.). Calcium reacts with water slowly, giving 
calcium hydroxide and hydrogen, Ca + SHgO = Ca(OH )2 + Hg. 
It affords an efficient means of removing water from alcohol. Acids 
attack it strongly, producing calcium salts and hydrogen. 

365. Atomic Weight of Calcium. — The best determinations of the 
atomic wciglit of calcium, for which the aj)proximate value (deter- 
mined from Dulong and Petit’s law, the Periodic law, molecular weights 
of calciiim salts in solution, etc.) is 40, are derived from : — 

(1) The conversion of the pure Iceland spar, CaCOg, into calcium 
oxide CaO. (2) The change of weight on conversion of calcium 
chloride CaCla into silver chloride 2AgCl. The results indicate a 
value of 20*04 for the equivalent or 40*08 for the atomic weight. 
Isotopes of ma.ss 40 and 44 are known, and, possibly, minute traces 
of the isotope 41, derived from the radioactive decomposition of 
potassium. 

The Oxides and Hydroxides of Calcium 

Calcium has three oxides, only one of which is of importance. 
They arc : — 

Calcium oxide, quicklime . . . CaO 

Calcium peroxide. .... Ca02 

Calcium tetroxide .... Ca 04 

366. Manufacture of Lime. — Quicklime is ordinarily obtained by 
heating calcium carbonate. The action is reversible, 

CaCOg ^ CaO + COg, 

and does not complete itself unless the carbon dioxide is allowed to 
escape. 

According to the Phase Rule, § 87, we have here three phases, CaO, 
CaCOg, CO 2 , and two components, calcium oxide and carbon dioxide. 
The system is therefore univariant and to each temperature corresponds 
a fixed concentration of carbon dioxide. Thus at each temperature a 
certain partial pressure of carbon dioxide represents the concentration 



necess^ to presorvo oquilibrium. At 600° C. calcium carbonate i« 
n equilibnuna with 0-11 mm. pressure of CO, ; at 600° C 2-35 mm 
pressure ; and at about 890° C., 760 mm. ’ ^ ' 





Fig. 86. — Flaro kiln. 
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Fig. 87. — Gaa-fired limo-kiln. 


If these pressures are exceeded the lime and carbon dioxide recom- 
bine ; if they are not reached carbon dioxide will escape and dissociation 
will proceed. 

In practice, therefore, any degree of heat above, say, 625® C. will 
cause calcium carbonate to decompose, provided the carbon dioxide 
formed is continually carried away. Above 890® C., when the partial 
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pressure exceeds that of the atmosphere calcuim carbonate will 
decompose completely unless confined under pressure. 

In practice, a temperature of about 800-1,000° C. is used. This 
temperature is not reached in a crucible heated by a Bunsen burner, 
and to decompose calcium carbonate under laboratory conditions 
the use of the M6ker burner (p. 447) or blow-pipe is required. 

On the large scale calcium carbonate is heated in kilns. 

The simplest type is the flare kiln (Fig. 86). The illustration 
explains itself; J'he limestone or chalk reaches a temperature of 
1,000° C, in parfs^ the carbon dioxide being carried away through the 
top of the kiln. These simple kilns are wasteful of fuel but very 
cheap to construct. They are much used where comparatively 
small quantities of lime are wanted at intervals. 

Many more complicated types of kiln have been used. The type 
illustrated in Fig. 87 burns producer gas generated from coke. 
Limestone is fed in at the top and lime raked out at the bottom. 
The process is thus a continuous one. For laboratory purposes 
very pure lime is sold which is made by heating marble, a very pure 
form of calcium carbonate. 

857. Properties of Calcium Oxide. — Calcium oxide is usually met 
with as hard white masses. It can be crystallised after fusion in the 
electric furnace. Its melting point is about 2,570° C. It is volatile 
at temperatures below its melting point. Its high fusing point was 
utilised in the now almost obsolete ‘ lime-light,’ in which a cylinder 
of lime was heated to brilliant incandescence by an oxyhydrogen or 
oxy-coal gas flame. At this temperature (c. 1,500° C.) the lime 
volatilises appreciably. 

Calcium oxide is a reactive substance at high temperatures, most 
of the non-metals, including the halogens and sulphur, reacting with 
it above 300° C. Fluorine reacts in the cold. 

Calcium oxide reacts vigorously with water, much heat being 
evolved, and calcium hydroxide being formed as a white powder. 

CaO + HjjO = Ca(OH) 2 . 

This property makes quicklime useful as a drying agent in cases 
where the more rapidly-acting calcium chloride or sulphuric acid 
cannot be used. Thus ammonia gas is dried in this way (§ 691), and 
alcohol is commonly dehydrated by being kept standing over 
quicklime. 

Calcium oxide does not react in the cold with most acid gases, such 
as carbon dioxide, sulphur dioxide and hydrogen chloride ; but when 
heated it reacts with them, forming the appropriate calcium salt. 

It reacts with acids in solution, probably ‘ slaking ’ to calcium 
hydroxide, which then reacts with the acid. 
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Quicklime finds its chief use in the preparation of slaked lime for 
building purposes. 'Quicklime can be preserved in dry air indefi- 
nitely, since it does not react with carbon dioxide. Slaked lime, 
however, soon becomes transformed into carbonate. Builders 
therefore prefer to buy quicklime and slake it whenever they wish 
to make mortar or plaster. 

Limes of various qualities are distinguished by the trade A 
‘ fat ^ lime is a pure lime, which slakes readily. A ‘ poor ’ lime 
contains some silica or alumina and slakes slowly. The latter has, 
in a small degree, some of the properties of a cement. 

358. Calcium Hydroxide, Slaked Lime, Ca(0H)2. — This substance 
is obtained by the action of quicklime on water (v. supra, § 357), or 
by the action of caustic alkalis on a soluble calcium salt. 

It is a white amorphous powder, sparingly soluble in water. Its 
solubility diminishes as the temperature rises, as shown by the 
solubility diagram illustrated in Fig. 24. 

When calcium hydroxide is heated it decomposes, yielding calcium 
oxide. The action begins at about 360° C., and is rapid at a red heat. 

Ca(OH )2 = CaO + H 2 O. 

Calcium hydroxide has the usual properties of alkalis and exhibits the 
same reactions as caustic soda and caustic potash in a lesser degree. 

It reacts very readily with acids and acid gases, forming calcium 
salts. A mixture of calcium hydroxide and sodium hydroxide, 
obtained by slaking lime with caustic soda, is known as soda-lime, 
and is a particularly efficient absorbent of acid gases, acidic anhy- 
drides, the halogens, etc. Among these we number carbonyl 
chloride, hydrogen sulphide, hydrogen chloride, bromide and iodide, 
sulphur dioxide, carbon dioxide, nitrogen peroxide, chlorine, 
bromine vapour, etc. On account of this property it was used in 
gas-masks during the war of 1914-1918. 

These contained a layer of absorbent charcoal (§ 530), which ab- 
sorbed many neutral organic substances, and a mixture of sodium 
permanganate and soda-lime, the former reacting with any reducing 
gas and the latter absorbing chlorine or any acid gas. 

In the purification of coal gas, carbon dioxide, hydrogen sulphide, 
and carbon disulphide are sometimes removed by absorption with 
lime. 

The chief use of lime in industry is in the making of mortar and 
plaster.! Mortar consists of lime, sand and water, and plaster 
consists of lime and water, together with some cow’s hair to give 
greater strength. 

The setting of mortar and plaster is first due simply to drying out 
^ Not plajBter of Paris (v. p. 339). 
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of the water. This action is followed by conversion of the outermost 
layer into calcium carbonate, but even in Roman buildings the whole 
of the lime of the mortar has not yet been converted into earbonate. 
Lime finds numerous uses in the chemical industries, among which 
we may note the preparation of bleaching powder (§ 1066), and of 
ammonia (§ 690). 

Calcium peroxide CaOg may be made by the action of hydrogen 
peroxide on lime-water, the octahydrate CaOg . SHgO being pre- 
cipitated. It resembles barium peroxide (q.v.), but is less stable. 

Calcium tetfoxide CaC 4 is made by heating the hydrated peroxide 
with 30 per cent, hydrogen peroxide. It is a yellow powder which, 
when treated with acids, gives hydrogen peroxide and oxygen. It 
is analogous in behaviour to potassium tetroxide K 2 O 4 . 

Salts of Calcium 

369. General Properties of Calcium Salts. — Calcium salts are white 
and give colourless solutions, unless the acid radical is one with 

which colour is associated. 
These solutions contain the 
colourless ion, Ca++. 

Calcium compounds in 
general are not poisonous 
unless the acid radical has 
deleterious properties. 

Solutions of calcium 
salts give precipitates with 
a large number of acid 
radicals. Most of these 
j>recipitates are only pro- 
Fig. 88. — Manufacture of calcium carbide, duced in neutral or alka- 
line solution. 

In Acid Solution, — The sulphate and fluoride of calcium are pre- 
cipitated when soluble fluorides or sulphates are mixed with mode- 
rately acid solutions of calcium salts. The sulphate is sparingly 
soluble (c. 1 : 250) and is therefore only precipitated from fairly 
strong solutions. 

In Neutral Solution precipitates of the calcium salt are produced 
by a number of salts, including the above, and also suli)hites, 
phosphites, pyrophosphates, orthophosphates, arsenites, arsenates, 
silicates, borates, ferrocyanides, and the salts of many organic acids, 
including oxalates and tartrates. 

860. Calcium Hydride CaH 2 is made by passing hydrogen over 
melted calcium. Its use in the preparation of hydrogen is referred to 
in § 186. 
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861. Calcium Borates are found as native minerals. They have been 
utilised as sources of borax and boric acid (§ 467). 

362. Calcium Carbide CaC 2 . — ^This substance is made on the 
large scale by the action of coke on lime at the high temperatures 
attainable in the electric furnace, 

CaO + 3C = CaCg + CO. 

The coke and lime are charged through hoppers into a furnace con- 
taining a large carbon anode. The cathode is the carbon lining of 
the floor. The current arcing from one piece of coke to the next 
causes the material to react and the calcium carbide formed to 
liquefy. 

Calcium carbide is white when pure but the commercial product 
is grey or black. When treated with water it forms lime and 
acetylene, 

CaCg + 2H2O = Ca(OH )2 + C2H2. 

The reaction and the methods of purifying the gas so obtained are 
further described in § 544. 

Heated in nitrogen, calcium carbide forms calcium cyanamide 
(§ 36G) and free carbon, 

CaC 2 + Ng = CaCNg + C. 

363. Calcium Acetate Ca(C 2 H 302)2 has a commercial importance, being 
rnado in large quantiti(3S from the impure dilute acetic acid obtained 
by the distillation of wood. It may bo converted into acetic acid by 
distillation with sulphuric acid or into acetone by dry distillation : 

yOOC . CH3 CH3V 

Ca<' - CaCOa + >CO. 

\OOC . CHg CHs^ 

364. Calcium Oxalate CaC 204 is very sparingly soluble and may 
accordingly be used for the detei-mination of calcium (v. p. 341). It is 
soluble in mineral acids. 

365. Calcium Carbonate CaCOg. — This extremely abundant and 
important substance occurs in many different forms. Two varieties 
of different crystalline form are known : — 

(1) Calcite. — Hexagonal crystals, doubly refractory, marked 
cleavage. 

(2) Aragonite. — Rhombic crystals. 

Calcite is the stable form at ordinary temperature. 

Aragonite is probably the stable form below ~ 43° C. Dry aragonite 
is, however, transformed into calcite so slowly, if at all, at ordinary 
temperatures that it may be preserved indefinitely. It rapidly becomes 
transformed into calcite at 400°--:600° C., and in the moist state the 
change takes place at ordinary temperatures. 

Calcium carbonate, crystallised as calcite, is found in a variety of 
mineral forms. 
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Iceland spar is pure colourless calcite, calc spar or calcite being 
often white and opaque. Marble is a mass of small crystals of calcite, 
while limestone is similar to marble but of less purity. Chalk 
appears to the naked eye to be amorphous. Microscopic examina- 
tion shows it to consist of the shells of microscopic foraminifera, and 
these shells are probably composed of calcite. 

Preparation. — The native forms of calcium carbonate, Iceland spar 
and marble, are often used in the laboratory, the former being useful 
where material of the highest purity is required. 

Calcium carbonate is also prepared as a white powder, known as 
precipitated chalk, by dissolving marble in hydrochloric acid and 
adding ammonia to precipitate any iron, aluminium, etc., present. 
The liquid is filtered, and the calcium carbonate precipitated by 
addition of ammonium carbonate, then washed and dried, 

CaCla + (NH4)2C03 == CaCOg + 2NH4CI. 

Properties. — Calcium carbonate forms colourless hexagonal 
crystals of calcite (Plate X.), or rhombic crystals of aragonite, or 
a white, apparently amorphous, powder. Calcite or Iceland spar 
is commonly met with as cleavage fragments in the form of parallelo- 
pipeds. 

The density of calcite is 2*715. When heated at atmospheric 
pressure calcium carbonate decomposes (§ 356), but when heated in 
carbon dioxide under 1,050 atmospheres pressure it fuses at 1,340° C. 

Calcium carbonate is almost insoluble in water (about 0*0018 gm. 
per 100 gms. water). In presence of carbon dioxide the soluble 
calcium bicarbonate is produced, 

CaCOg + H2CO3 ^ Ca(HC03)2, 

and it is possible to dissolve as much as 2*29 gm. of calcium carbonate 
in a litre of water in this way. 

The behaviour of calcium carbonate and bicarbonate, in presence 
of water, is discussed under the heading of Water, § 200. 

When calcium carbonate is heated it decomposes to the oxide and 
carbon dioxide. This reaction is discussed in § 356. In other 
respects it has the usual properties of a carbonate (§ 567). 

Calcium bicarbonate Ca(HC03)2 occurs in the solutions formed by 
the action of carbon dioxide and water upon calcium carbonate. It 
can be prepared in an impure state by the action of ammonium 
bicarbonate on calcium chloride, both solutions being kept at 0° C. 

366. Caleium Cyanamide is made on the large scale by the action of 
nitrogen (obtained by the air-liquofaction process) on red-hot calcium 
carbide. The latter substance is heated in an atmosphere of nitrogen, 
which is absorbed at about SOO^ C., forming calcium cyanamide, 

CaCg + N, « CaCN, + 0. 
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Calcium cyanamide has been used as an artificial manure, for when dug 
into the soil it is decomposed, giving calcium carbonate and cyanamide, 
which further decomposes, giving urea. This latter substance is 
converted into ammonium carbonate and ultimately to nitrates by the 
bacteria of the soil, 

CaN . CN -f H^O -{- COj = CaCOg -h H^N . CN. 

HjN . CN -f HjjO = CO(NHj)a. 

It is also used in the manufacture of cyanides and ammonia. 

867. Calcium Silicate CaSiOs occurs in Nature. Calciiun silicates 
form a large part of glasses {q.v.^ § 600) and slags. It is also contained 
in Portland cement. 

368. Portland Cement. — Cement is the characteristic building 
material of the twentieth century, and its manufacture is a gigantic 
industry. The materials from which cement is made are clay and 
chalk. Sometimes these are found ready mixed as ‘ marl,’ more 
often they are separately quarried. These materials are ground 



with water so as to make a thin mud or ‘ slurry.’ Thife mud is fed 
into a rotary kiln, a huge cylinder as big as a factory chimney, 
8~14 feet wide and from 150 to 350 feet long. It is gently sloped 
and slowly rotates so that the slurry works its way from the top to 
the bottom. Into the bottom end a huge flame 40 or 50 feet in 
length is driven by a pulverised coal burner. The hot end of the 
kiln may be at 1 ,500° C. This roasts the chalk and clay to cement 
clinker, which emerges as hard stony pebbles as big as marbles. It 
is now cooled and then ground, usually in a tube mill, a strong steel 
cylinder partly filled wdth steel balls, which falling one over the 
other rapidly reduce the clinker to fine dust (95 per cent, to pass 
170-mesh sieve). 




CFMKNT 


:^sr>B 


Portland (;(‘inont contains tricakauin sili(‘at(‘ PugSiOr, and calcium 
aluininati* CagAl^O^i, to^idlier with other cf)ni])oun(Ls of lime, silica, 
alumina and iron. 

Th(‘ setting: of ccnnuit docs not a}>p(‘ar to he only a ])roc(‘s:> of 
Jiydration analof^ous to the sedtin^ of j)last(‘r of Paris, hut at the 
same tim(‘ involvt‘s the d('ec)m])osition of the above eom])oin:ds 
and the formation of s(*V(‘ral others. These include ealeium hydrate, 
trieal(‘ium aluminium silicate^ and ealeium monosili(^at(‘, whiidi are 
present })oth as (U’vstals and in (udloidal masses. I’he proet^ss is too 
(‘ompk‘X for any e<piation to d(Nserihe ad(*quately tin* reactions 
wliieh occur. 

369. Calcium Nitride CugNa is pi (‘pared by heatin^^ ealeium in a current 
of nitrogen at about 440^ i'. 

It reacts with w^atc'r, giving calcium hydroxide and ammonia, 

CugNa 4 OH 2 O - .‘ira(()H )2 + 2 NH 3 . 

370. Calcium Nitrate Ca(N0g)2 is occasionally found in the soil 
as a product of the action of nitrifying bacteria (§ 674). It is made 
by the usual methods of preparing nitrates and also by the synthetic 
nitrate i)rocess deserihed in § 737. It is occasionally known as ‘ air 
saltpetre.’ 

(■aleium nitrate forms several hydrates ; the one usually met with 
is the tetrahydrate Ca(NOg )2 • stable below* 42*7° C. The salt 

is very hygroscoj)ic. 

It lias the usual proj)erties of a nitrate and has found some use as 
a fertiliser. 

371. Calcium Phosphide Ca^Pg may be made by fusing calcium 
with phosphorus. It is at once decomposed by water, giving 
sixmtancously iiiflammable phosi)hine, 

CagPg + 6H2O - 3 Ca(OH )2 + 2PH3. 

372. Calcium Phosphates. — The phosphates of calcium salts are of 
great importance as fertilisers. They include : — 



XI B. Fragment of IcelancJ spar (crystallised calcium carbonate) which 
has been cleaved by a tap from a blunt knife into four pieces, each 
wdtb the same anglen as the original fragment. 
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Tricalciuni orthopliospliate . , ('a3(P()4)2 

Ilicalciiim ortho])}ios})hate . . CaHPO, 

Monocalciiim ortlio[)h()sp}iatc . C^a(H2p()4)2 

Tricalcinm orthophosphate, occurs native as apatite, usually asso- 
ciated with chloride and iluoride. It is found in many parts of the 
world, notably Florida, North Africa, France, Helgium, and the 
l*acifie Islands. Tricalcium ]dios])hate is the mineral constituent 
of hones. 

It is readily obtained by the addition of a soluble i)hosphate in 
alkaline solution to a soluble calcium salt, 

i>Na,>HP04 -J 2NH4OH h 2CaCl., = 4 NaCl + 2NH4CI -f- Ca3(P04)2 

+ 2 H./) 

or, HPO4— I OH - - PO4 + H2O 

3 Ca++ -t- 2 PO, = Ca,(P04)2 j. 

Calcium phosphate forms a white powder insoluble in water and 
unaffected by heat. 

It is soluble in acids, but on addition of alkali it is reprecipitated, 

Ca,(P04)2 ^ Ca3(P()4)2 3 Ca^ + 2PO4 

Solid. Soliitioii. 

PO4 + H ‘ HP 04 -- 

HPO4-- I H+;:-iH2P04- 
H2PO4- I H^ ^ H3PO4. 

The addition of hydrion removes tln^ PO4 ion and so causes the salt 

to dissolve. On addition of alkali to this solution hydrion is removed 

aial consecpiontly PO4 is formed, and calcium pljospbate r(.*preci])i- 

iat<!<l. This ph(‘noni<‘n(ai caus(’s calcium and ccatain (»th('r pbosj)ha((‘s 
to be ])recipitated in (puditative analysis wluai ammonia is added 
(Clrou]) 1 11. in most systems), llie diiliculty is got over by ])r(‘ci])itating 
all tlu^ phosphate in nearly neutral .solution as h'rric }>hosj>hate and 
lilt<'ring Ibis off. 

Cakdum phosphate is used for making j)h()S])horic acid and phos- 
phorus {q.v.), and also in the manufacture of superphosphatii 
(r. infra). 

Dimteium orthophosphate CaHP04 is obtained by precipitating 
an acid solution of a calcium salt with sodium phosphate, 

Na2HP04 ^ 2Na^ + HPO4— 

Ca^ + -j- HP04-"^CaHP04. 

It is insoluble in water. 

Monocalcium orthophosphate Ca(H2P04).2 . HgO is made by the 
action of phosphoric acid on tricalciurn phosphate, 

Ca 3 (P 04)2 + 4 H 3 PO 4 = 3Ca(H2P04)2. 
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It is soluble in water, thereby differing from the other phosphates, 
but unless excess of phosphoric acid is present it reverts to CaHP04, 

3Ca(H2P04)2 ^ 3CaHP04 + 3 H 3 PO 4 . 

Calcium pyrophosphate and metaphosphate are known. 

Calcium Phosphate as a Fertiliser . — ^The value of phosphorus in 
the soil is explained in § 760. Tricalcium phosphate is a valuable 
fertiliser, but is slow in action owing to its very small solubility. It 
is often used in the form of bone-meal, etc. 

To obtain a quick-acting fertiliser calcium phosphate is treated 
with crude sulphuric acid, when a product known as superphosphate 
of lime is obtained. This contains monocalcium orthophosphate, 
phosphoric acid, and calcium sulphate, 

5Ca3(P04)2 + IIH 2 SO 4 = 4Ca(H2P04)2 + 2 H 3 PO 4 + llCaS 04 . 

It is used in vast quantities and about 40 per cent, of the sulphuric 
acid made is used for this purpose. 

The i)hosphorus in this product is in a soluble form, at once 
available to plants. 

Basic slag (§ 1142), obtained in the basic Bessemer process, con- 
tains calcium phosphate, probably as calcium silicophosphate, 

Ca3(P04)2 . CaSiOs- 
When finely ground it is a valuable manure. 

373. Calcium Sulphide CaS. — ^This substance is prepared by 
heating lime in hydrogen sulphide, or by the reduction of calcium 
sulpliate with carbon, or by the action of sulphur upon quicklime, 

Ca(OH)2 + HgS = CaS + 2H,0, 

CaS04 + 2C = CaS + 2C62, 

2CaO + 3S = 2CaS + SO2. 

It has been produced in vast quantities as a waste product in the 
Leblanc soda process, and forms the heaps of ‘ alkali waste ’ which 
form unsightly landmarks where this process is carried on. 

Calcium sulphide is a white powder, odourless in absence of 
moisture. It has a remarkably brilliant phosphorescence only 
equalled by zinc sulphide. Pure calcium sulphide has no phos- 
phorescence, and the luminous sulphide always contains a minute 
amount of metallic impurity, say 0*01 per cent, of bismuth (man- 
ganese, copper, tungsten, etc.), and a small proportion, say 2 per 
cent., of the chloride of an alkali metal. 

At present, no wholly satisfactory theory has been evolved of the 
function of the trace of foreign metal. 

It has been supposed that the metallic impurities are converted 
into sulphides, which are in solid solution in the calcium sulphide. 
The illumination of the particles of these sulphides causes electrons 
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to be emitted, and these gradually recombine with the atoms, pro- 
ducing phosphorescence. No clear and definite theory of phos- 
phorescence has yet been evolved. 

A good specimen of the phosphorescent sulphide is hard to prepare by 
ordinary laboratory methods. Lime may be moistened with methylated 
spirit, containing a trace of bismuth nitrate. When dry it is mixed with 
an excess of sulphur and a little starch and a little sodium chloride, and 
heated to bright redness in a covered crucible. Tlie quality of the lime 
is important, and that prepared by ignition of oyster shells is said to be 
best. After exposure to light the product emits a violet glow which 
gradually diminishes in intensity and finally fades out completely after 
some hours. 

Calcium sulplude is hydrolysed by water, 

2CaS + 2H2O ^ Ca(0H)2 + Ca(SH)2 
and forms the hydrosulphide. 

In other respects calcium sulphide has the usual properties of a 
sulphide (§ 905). 

Calcium hydrogen sulphide Ca(HS)2 is formed by the action of 
hydrogen sulpliide on milk of lime, 

Ca(OH )2 + 2H2S = Ca(SH )2 + 2H2O. 

Calcium sulphide is a constituent of most of the depilatories sold 
for removing superfluous hair. It is also used in tanning for remov- 
ing the hair from ox-hides. 

374. Calcium Polysulphides CaSn. — When lime is boiled with 
sulphur a mixture of calcium sulphide and thiosulphate is produced. 

The yellow liquid so obtained was known to the late Egyptian 
and Greek alchemists as Oelov vSwp, theion hudor, the divine (or 
sulphurous — Oelov has both meanings) water. They used it to 
attack various metals, which it did more efficiently than any 
substance then known, converting them into sulphides. 

The liquid probably contains sulphides of formula CaSj to CaS- 
{V. § 906). 

375. Calcium Bisulphite Ca(HS03)2, made by passing sulphur 
dioxide into milk of lime, is used for bleaching paper pulp and as an 
antiseptic in the brewing industry. 

376. Calcium Sulphate CaS 04 . — ^This substance occurs native, 
as anhydrite CaSO^, and gypsum CaS04 . 2H2O. The latter often 
occurs finely crystallised, and is then called selenite. A crystalline 
variety is known as alabaster , a name, however, occasionally applied 
to a translucent variety of calcium carbonate. 

Preparation, — Calcium sulphate dihydrate may be prepared by 
the action of soluble sulphates on soluble calcium salts, or by the 
action of dilute sulphuric acid on calcium carbonate or hydroxide. 
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Plaster of Paris. — Gypsum, when heated to 100-200° C., is 
partially dehydrated and is converted into plaster of Paris ; this 
is commonly said to be the hemihydrate but may not be a definite 
compound. 

2CaS04 , 2H2O = (CaS04)2 . H^O + 3H2O. 

On the large scale gypsum is heated in large steel pots, holding 
several tons and provided with mechanical stirrers. It may also be 
heated in a rotary kiln in a similar manner to cement (§ 368). 

The hemihydrate so obtained, when mixed with water, sets, in 
about five minutes, to a hard mass, expanding at the same time in 
such a way as to fill a mould very completely, and so produce 
a fine impression. Heat is produced at the same time. The setting 
is due to the formation of an interlacing mass of needles of gypsum. 

If the gypsum be heated to a higher temperature than that needed 
to make plaster of Paris, but not to a very high temperature, a 
plaster is obtained which sets very much more slowly, forming a 
hard and resistant surface suitable for floors, etc. Still stronger 
heating destroys the setting properties altogether. 

Calcium sulphate forms a white powder, slightly soluble in water 
(0*26 gm. CaS04 . 2H2O per 100 gms. water at 15° C.). It is not 
decomposed by heat. It has the properties of sulphates (§ 938). 

Uses. — ^As plaster of Paris or flooring plaster calcium sulphate is 
used in many types of cement and wall plaster. Keene’s cement is a 
harder and more slowly-setting cement, made by heating gypsum to 
redness, moistening the product with alum solution, and again heat- 
ing to redness. It is used for finishing corners of interior walls, etc., 
where a harder plaster is needed. Artificial marble is often made 
from plaster of Paris. It is also used for making various types of 
moulds for casting metal and for making casts for statuary. 
Bandages saturated with wet plaster of Paris are applied in surgical 
work in order to maintain limbs, etc., in a fixed position. The use of 
plaster casts for the treatment of broken bones is now almost 
obsolete, but they are found of value in the immobilisation of joints, 
etc. 

877. Caloinm Chromate CaCr04. — ^This salt is of interest as being 
much more soluble in water than barium or strontium chromates ; a 
method of separating calcium from barium and strontium has been 
based on this fact. 

878. Calcium Fluoride CaF 2 . — ^This substance is found native as 
flvorite or flvors'par. The mineral forms cubic crystals, occasionally 
transparent but usually translucent, and often richly coloured. The 
name * Blue John ’ is given to a blue variety used for ornamental 
vases, eto. 
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Calcium fluoride may be precipitated by the addition of a soluble 
fluoride to a solution of a calcium salt. It may also be made by the 
action of hydrofluoric acid on calcium oxide or carbonate. 

The mineral is one of the chief sources of fluorine compounds 
(g^.v.). The somewhat rare transparent specimens are used in 
optical work. The very low refractive index and weak colour 
dispersion of fluorite make it useful for small telescope and micro- 
scope lenses. It is also transparent to infra-red and ultra-violet 
rays. The coarser varieties are used as a flux in metallurgy. 

379. Calcium Chloride CaC^. — Calcium chloride is present in sea 
water. 

Preparation , — Calcium chloride is a waste product in the ammonia- 
soda process, and it has been difficult to find a use for it. If it is 
required in the pure state any of the usual processes for making 
chlorides may be used. 

Anhydrous calcium chloride, used as a drying agent, is made by 
evaporating the solutions and heating to 200° C., or sometimes until 
the solid product fuses. 

Properties . — ^Anhydrous calcium chloride forms white porous 
masses which fuse at about 775° C. It is exceedingly deliquescent 
and finds a use as a drying agent for liquids and gases. Since the 
moist salt has a measurable vapour pressure, it is not possible to dry 
a gas or liquid completely with calcium chloride. Intensive drying 
requires the use of phosphorus pentoxide. Among the gases which 
cannot be dried with calcium chloride is ammonia, which forms 
several compounds, such as CaClg . 8NH3 {v. § 694). 

Calcium chloride forms several hydrates, the one stable at room 
temperature being CaClg . GHgO. It is extremely soluble in water, 
100 gms. of which dissolve 74 gms. at 20° C., and 139 gras, at 60° C. 
Solutions of very high strength can be prepared which are occa- 
sionally used as heating liquids in water-baths. Thus a 325 per cent, 
solution of calcium chloride boils at 180° C. Such solutions are 
much cleaner than oil and safer than sulphuric acid. It must not 
be forgotten that they crystallise out on cooling. The hydrate 
CaCl 2 . OHgO is very soluble and has an extremely low eutectic 
temperature. ^ Thus the temperature of a mixture of 1*44 parts of 
the crystallised chloride with 1 part of snow falls to —55° C. The 
anhydrous chloride cannot be used, as it evolves heat when it 
becomes hydrated. In its chemical properties calcium chloride 
resembles other calcium salts and chlorides. 

380. Detection and Estimation of Calcium. — Detection. The flame 
test for calcium is one of the best, but it is only reliable in absence 
of the metals, strontium, barium and sodium. The test is applied as 
follows : The suspected calcium compound is moistened with hydro- 
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chloric acid (in order to form the somewhat volatile chloride) and 
then heated in a Bunsen flame on a platinum wire ; a brick-red 
coloration is given to the flame. Examined with the spectroscope 
(a direct- vision pocket instrument does very well), conspicuous lines 
in the orange and green are noticeable among a large number of 
others. 

Calcium, strontium and barium salts form a group of metals of 
which the carbonates are precipitated by ammonium carbonate in 
presence of ammonia (difference from alkali metals and magnesium), 
but of which neither the sulphides nor hydroxides can be precipi- 
tated in presence of ammonium salts and ammonia (difference from 
most other metals). The sulphides of these metals are insoluble in 
water, but they are not precipitated owing to their immediate 
hydrolysis to hydrogen sulphide and the hydroxides. 

In order to detect calcium in presence of the other two metals it 
is separated from them by the method described in § 401. 

Estimation , — Calcium may be precipitated as oxalate, 
CaC 204 . HgO, by addition of boiling ammonium oxalate solution 
to a solution containing calcium salts, together with ammonia 
and ammonium chloride. The precipitate is washed with dilute 
ammonium oxalate and is best weighed as calcium oxide, after 
strong ignition. By careful ignition the process may be stopped 
at the stage of carbonate and the calcium may be weighed as such, 

CaCgO^ = CaCOg + CO 
CaCOg = CaO + COg. 

Volumotrically, calcium is estimated by precipitation as the oxalate, 
as described above. The precipitate is washed with water, dissolved m 
dilute sulphuric acid, heated to 60° O., and titrated with permanganate, 

6 CaCa 04 + 8H2SO4 + 2 KMn 04 = SCaSO^ + KgSO^ + 2 MnS 04 -f lOCOa 

-f 8HaO. 

This method saves the time needed for drying, igniting and weighing the 
oxalate. 


STRONTIUM Sr. 87-63 

881. History and Occurrence. — Strontium was first isolated by Davy 
in 1808, but the carbonate had been known for some years previously. 

Occurrence, — Strontium is found as strontium sulphate, celestine^ so 
called from the blue colour it often displays. Strontianite, strontium 
carbonate, is also foimd. 

Preparation. — The methods described under calcium may be used. 
The electrolysis of the fused chloride is usually employed. 

Properties. — It is a white metal of low density. In its chemical 
properties it resembles calcium, but is even more reactive. 

Atomic Weight of Strontium. — Methods analogous to those used for 
calcium (§ 366) have been employed and indicate a value of 87*63. 
Isotopes of masses 86 and 88 are Imown. 
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382. General Properties of Strontium Salts. — ^Thesc salts closely 
resemble those of calcium. They give a brilliant crimson colour to 
the Bunsen flame with spectral lines in the red, orange and blue. 

The precipitation reactions are similar to those of calcium in most 
respects. Strontium sulphate (g.t?.) is, however, less soluble than 
calcium sulphate and is, therefore, more readily precipitated. 
Strontium chromate, too, is comparatively insoluble. 

383. Strontium Oxide SrO. — Strontium oxide is made by similar 
methods to those used for calcium oxide, but higher temperatures are 
required to decompose the carbonate. Accordingly it is best to heat 
tlie nitrate, 

2Sr(N03)a = 2SrO + 4NOa + O^. 

On the commercial scale celestine may be reduced to sulphide by heating 
with carbon and the sulphide treated with caustic soda, 

SrS04 + 2C = SrS + 2CO2 
SrS + 2NaOH = Na^S Sr(OH)2. 

The sodium sulphide is removed by washing with water and the 
hydroxide is converted into the oxide by heat, 

Sr(OH)a = SrO + H^O. 

The oxide much resembles quicklime. It is ‘ slaked * by water in the 
same way as the latter, much heat being evolved, 

SrO 4- HaO = Sr(OH)a + 19-44 Cal. 

Strontium peroxide SrO 2 has similar properties to calcium peroxide, 
and is made in the same way. 

Strontium hydroxide Sr(OH)2 may be made as above or by other 
methods, including the action of steam on the carbonate at 500-600° C., 

SrCOg 4- HjO = Sr{OH)2 4- COg. 

It resembles slaked lime, but being more soluble in water (0*81 gm. per 
100 gms. water at 20° C., 22-7 gms. per 1,000 gms. at 100-2° C.) it displays 
more powerful alkaline properties. 

It tods considerable use in sugar-refining, combining as it does with 
sugar to form an insoluble compound, which may be filtered off and 
decomposed by carbon dioxide, thus liberating the sugar, 

384. Salts of Strontium. — Strontium carbonate Si-COj occurs native 
as strontianite^ isomorphous with aragonite. It can be made by the 
same methods as calcium carbonate. It is, however, technically made 
in various ways from celestine, which may, for example, be fused with 
sodium carbonate, 

NagCOa 4- SrSO^ = NagSO* + SrCOg. 

Strontium carbonate resembles calcium carbonate. It is, however, even 
less soluble in water. Its solubility, like that of calcium carbonate, is 
greater in presence of carbon dipxide. 

Strontium carbonate is less easily decomposed by heat than calcium 
carbonate, a temperature greater than 1,200° C. being needed for 
reasonably rapid decomposition. The preparation of the oxide by 
heating the carbonate is therefore impracticable under laboratory 
conditions. 

Strontium nitrate Sr(NOa)g is made by the usual methods, and also 
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on tho large scale by the reaction of concentrated strontium chloride and 
sodium nitrate solutions. 

SrCI, + 2NaN08 = Sr(N03)2 + 2NaCl. 

Strontium nitrate crystallises with four molecules of water of crystallisa- 
tion, Sr(N03)2 . 4H2O. It is very soluble in water, 100 gms of which 
dissolve 68 gms. of the salt at 20® C. 

Strontium nitrate has the usual properties of a nitrate. 

It is used in ‘ red fires ’ in pyrotechny, the nitrate group supplying 
the oxygen and the volatilised strontium compounds colouring tho 
flame rod. 

Strontium sulphide SrS is phosphorescent, like calcium sulphide. 

Strontium sulphate SrS04 occurs native, as celestine. It is easily 
obtained as a finely crystalline precipitate by the action of suli)hurio 
acid on a solution of a strontium salt, 

Sr(N03)2 + H2SO4 ^ SrSO^ + 2HNO3. 

Strontium sulphate forms a white powder or transparent crystals 
very sparingly soluble in water (c. 0*01 per cent, at 18° C.). In addition 
to its smaller solubility the salt differs from calcium sulphate in that it 
does not form a hydrate. 

Strontium sulphate differs also from calcium sulphate in that it is 
insoluble in a solution of ammonium sulphate. It resembles barium 
sulphate (q.v,) in most of its chemical properties. An acid sulphate^ 
Sr(HS04)2> is formed when the normal sulphate is dissolved in hot 
concentrated sulphuric acid and the solution allowed to cool, 

SrS04 + H2SO4 = Sr(HS04)2. 

Strontium chromate SrCr04 is a yellow crystalline powder, sparingly 
soluble in water (1 : 832 at 15° C.). It is, however, soluble in weak 
acids, and thereby differs from barium chromate, a fact made use of in 
qualitative analysis. 

StronJtium fluoride SrF2 is, like the calcium salt, nearly insoluble in 
water. 

Strontium chloride SrClj is made by the usual methods of preparing 
soluble chlorides It resembles calcium chloride in forming a hexa- 
hydrate, SrCl2 . CHgO. Like the former salt, it is very soluble in water 
100 gms. of which dissolve 60 of the anhydrous chloride at 18° C. The 
anhydrous salt is rather less hygroscopic than calcium chloride. 

385* Detection and Estimation of Strontium. — The flame test, carried 
out as described in § 380, gives a carmine rod colour, tho spectroscope 
showing a group of linos in the red, orange and blue. 

The detection of strontium in presence of barium and calcium is 
described in § 401. 

Strontium is estimated, either as sulphate like barium (alcohol being 
added to diminish the solubility), or as carbonate. The volumetric 
method described under calcium is also available. 

BARIUM Ba, 137*36 

886. History. — Barium compounds came first into notice when 
the phosphorescent sulphide was disovered by Casciorolus, a shoe- 
maker of Bologna. In 1774, Scheele distinguished between barium 
and calcium. The name barium is derived from ‘ barytes,’ the 
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name given to the sulphate on account of its high density (Greek 
Papv^y barySy heavy). The metal was prepared, in 1808, by Davy 
as an amalgam, but was first prepared in the pure condition by 
Guntz, in 1901. 

387. Occurrence. — ^Thc commonest barium mineral is the sulphate 
barytes or heavy spar. Barium is also found as the carbonate 
witherite, and as the impure barium manganite psilomelane, 

888. Preparation. — Barium is among the most difficult of motals to 
prepare on account of its great affinity for oxygen. It has boon 
prepared by eJoctrolysis of the chloride with a mercury cathode. The 
barium dissolves in the mercury and the resulting amalgam is then 
dried and the mercury distilled off. 

The proccvss is difficult on account of the need to remove all traces of 
water from the amalgam and also on account of the tendency of the 
barium to retain some moi cury even at high temperature. 

Barium oxide can be reduced by means of aluminium j^owdor at 
1 200° C 

3BaO + 2A1 3Ba + AljOg. 

389. Properties. — Barium is a fairly soft white metal. It melts at 
850° C. and is volatile above 950° C. 

Barium is exceedingly reactive, taking fire spontaneously when 
exposed in powdered form to air. 

It decomposes water like (calcium, but more vigorously, but differs 
from that metal in decomposing alcohol. 

390. Atomic Weight o! Barium. — ^The same methods as those used 
for the atomic weight of calcium have been employed. The result, 
137*37, is the most probable. 

391. Oxides of Barium. — Three oxides probably exist : — 

Barium suboxide . . . BagO 

Barium oxide .... BaO 
Barium peroxide . . . BaOg 

Barium suhoxide BajO has been prepaied as a blackish mass by 
heating barium oxide with magnesium. 

392. Barium Oxide BaO is ordinarily obtained by heating the 
hydroxide or nitrate to a red heat, 

Ba(OH )2 = BaO + HgO. 

2 Ba{N 03)2 = 2BaO + 4 NO 2 + Og. 

The carbonate cannot be decomposed by heat alone but when heated 
with carbon forms the oxide and carbon monoxide, 

BaCOa + C = BaO + 2CO. 

At the temperature of the electric furnace carbon will reduce barium 
sulphate to oxide, the reactions being, 

BaSO^ + 4C = BaS + 4CO 
BaS + 3 BaS 04 = 4BaO + 480,. 
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Barium oxide is a white powder, which fuses at a high temperature, 
lower, however, than the melting-point of lime. It is a basic oxide 
of the most reactive type. It combines with water with sufficient 
evolution of heat to raise the product to incandescence, 

BaO + H2O = Ba(OH)2 + 24*24 Cal. 

It is an excellent drying agent, especially for organic bases 
pyridine). Carbon dioxide is absorbed with evolution of much 

heat. 

When heated in air barium oxide forms barium peroxide Ba02. 

2BaO + 02^ 2Ba02. 

393. Barium Peroxide Ba02 formed by the reversible reaction 
just mentioned at temperatures above 400° C. The formation of the 
peroxide evolves heat and is accompanied by a diminution of 
volume ; 

2BaO + 02^ 2Ba02 + 24*2 Cal. 

a rise in temperature or a diminution in pressure will cause the 
barium peroxide to dissociate again more or less completely. 

Barium peroxide is a white powder insoluble in water. It forms 
an octohydrate Ba02.8H20, 

Heated to redness it decomposes, evolving oxygen. Acids react 
with barium peroxide, forming hydrogen peroxide (g.v,) in the cold 
and oxygen at higher temperatures. Barium peroxide absorbs 
carbon dioxide from the air, forming oxygen and barium carbonate. 

2Ba02 + 2 CO 2 = 2 BaC 03 + O 2 . 

It is an oxidising agent. It finds a commercial use in the manu- 
facture of hydrogen peroxide. 

394. Barium Hydroxide Ba(OH) 2 . — ^The formation from barium 
oxide and water has already been mentioned. On the commercial 
scale various methods are employed. The carbonate may be heated 
to strong redness in a current of steam, when barium hydroxide and 
carbon dioxide are formed, 

BaCOg + H2O == Ba(0H)2 + COg. 

The native carbonate, witherite, may be used, or the carbonate 
may be made from the sulphate by reducing it at a high temperature 
with carbon to barium sulphide and treating this with carbon 
dioxide. 

Barium hydroxide is a white powder when anhydrous, but is 
usually met with as the crystallised octahydrate, Ba(0H)2.8H20. 
When heated the octahydrate melts and loses water. The 
anhydrous compound melts at 325° C. and begins to decompose at 
about 600° C., but the action is slow below 900°-l,000° C. 
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Barium hydroxide is much more soluble in water than calcium 
or strontium hydroxides. At 15° C. 100 gms. water dissolve 3*23 gms. 
of anii^drous Ba(OH )2 and about 101 gms. at 100° C. The solution 

is strongly alkaline owing to the dis- 
sociation, 

Ba(OH )2 ^ Ba++ + 20H--, 

forming a considerable concentration 
of hydroxyl ion. 

Its properties are those of an alkali 
(§ 168), and of a barium salt (§ 395). 
It finds considerable use in analysis. 
Barium hydroxide is the only alkali 
which is reasonably soluble in water 
and is also always free from carbonate, 
for any barium carbonate formed by 
contact with air is precipitated and 
sinks to the bottom of the vessel. For 
Fig. 89. — Burette for use with the accurate titration of weak acids 
baryta solution. ^ great advantage, allowing as it 

does a sharp end-point to be attained. The standard solution 
is usually kept away from air in a piece of apparatus, such as 
is shown in Fig. 89. The burette may be filled by blowing air into 
the storage bottle (preferably with bellows or a rubber ball aspirator), 
all carbon dioxide being excluded by the two soda-lime tubes. 
Barium hydroxide is also useful for removing sulphuric acid from a 
solution. If sulphuric acid be exactly neutralised vith barium 
hydroxide the insoluble sulphate can be filtered off, leaving water 
only behind, 

Ba(OH)2 + H2SO4 = BaS04 | + 2H2O. 

395. General Properties of Barium Salts. — Barium compounds 
are in general colourless. They are poisonous to animals and 
plants. The fatal dose of barium chloride is probably about 5*0 gms. 
for an adult man. In the flame test (§ 380) barium salts give an 
apple-green coloration. 

Barium salts in solution give the same precipitates as calcium 
salts (§ 359), but differ from calcium salts in that they very readily 
give precipitates with sulphates (§ 399) and also give a lemon-yellow 
precipitate with solutions of chromates. 

BaClg + K 2 Cr 04 = BaCr 04 + 2KC1. 

The ready precipitation of barium sulphate in the cold gives a 
method for preparing certain unstable acids. Thus permanganic 
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acid (§ 1119) may be made by adding the theoretical quantity of 
sulphuric acid to a solution of barium permanganate, 

Ba(Mn04)2 + H2SO4 = BaS04 i + 2HMn04. 

The precipitated barium sulphate settles out and the acid is 
decanted. This type of preparation gives importance to the pre- 
paration of the barium salts of unstable acids. 

396. Barium Carbonate BaCOa made by the same methods 
as calcium carbonate and also, commercially, by reducing the 
sulphate with carbon to the sulphide and decomposing a solution of 
the latter with carbon dioxide. 

BaS 04 + 4C == BaS + 4CO 
BaS + H 2 CO 3 = BaCOa + H^S. 

Barium carbonate is a white powder resembling calcium carbonate 
in most respects. It is, however, not decomposed at the highest 
temperature attainable in an ordinary laboratory, decomposition 
occurring from about 1 , 200 ° C. and upwards. 

It is very insoluble in water. It dissolves to a small extent in 
carbon dioxide solution, barium bicarbonate being formed, 

BaCOa + H2CO3 ^ Ba(HCOa)2. 

397. Barium Nitrate BalNOala is made as a rule by double decom- 
position of sodium nitrate and barium chloride solutions. 

It forms colourless anhydrous crystals, moderately soluble in 
water (100 gms. saturated solution contain 7-7 gms. salt at 18° C. and 
25 gms. at 100 ° C.). 

Barium nitrate is one of the least soluble of the nitrates. It is 
interesting to contrast its low solubility with the great solubility of 
barium nitrite, of which 100 gms, water dissolve 78 gms. at 18° C. and 
461 gms. at 100 ° C. In its chemical properties it resembles other 
nitrates. It finds a use in the preparation of the oxide (§ 392), and 
also in the making of ‘ green fire.’ 

898. Barium Sulphide BaS is prepared by reducing the sulphate 
with carbon, 

BaS 04 + 4C = BaS + 4CO. 

Its properties are similar to those of calcium sulphide, and if traces of 
certain impurities are present it shines with an orange phosphorescence. 

399. Barium Sulphate BaS 04 is found native as barytes or heavy 
spar in crystals, which may be of various colours but which when 
pure are colourless and transparent. It is the chief source of barium 
compounds. 

In the laboratory it may be made by the action of any soluble 
barium salt on any soluble sulphate, 

BaCla + H 2 SO 4 = BaS04 + 2HCL 
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The precipitate is very fine-grained if produced from cold strong 
solutions, and passes through most filter papers. If boiling solutions 
are used, and particularly if other salts (e.g., ammonium chloride) are 
present, there is formed a coarse-grained precipitate, which filters 
well and settles easily. Very slow precipitation from very dilute 
solutions produces crystals of visible dimensions. 

Barium sulphate is a white solid. It is denser (d. = 4*18) than 
most salts. It neither melts nor decomposes at temperatures attain- 
able by the Bunsen burner or foot blow-pipe. 

Barium sulphate is very insoluble in water (about 0*000023 per 
cent, at 18® C.). Its solubility varies somewhat with the size of 
the particles, very fine suspensions showing a higher value. It 
is soluble in concentrated sulphuric acid, forming an acid sul- 
phate, Ba(HS04)2, gms. dissolving in 100 c.c. of the acid at 
25® C. 

Barium sulphate is unaffected by heat below 1,500® C. It is 
unaffected by the action of acids. It is decomposed when heated 
with carbon, the sulphide (§ 398), or at higher temperatures the 
oxide (§ 392), being formed. 

When fused with an excess of sodium carbonate or boiled with its 
solution some barium carbonate is formed, 

BaS04 + NagCOg ^ BaCOg + Na2S04. 

Barium sulphate is used in the manufacture of other barium com- 
pounds. It finds uses as a white pigment and is also used as a 
‘ filling ’ for mixing with rubber and is also added to paper pulp to 
give it opacity and weight. 

Barium chromate BaCr04 is a lemon-yellow powder, obtained by 
the action of a solution of a chromate on a soluble salt of barium. 
It is insoluble in water and acetic acid and it is thereby distinguished 
from calcium and strontium chromates. 

Barium fluoride BaFj, like the calcium salt, is very sparingly soluble 
in water. 

400. Barium Chloride BaCls may be made from the carbonate or 
hydroxide by the action of hydrochloric acid ; but is usually pre- 
pared technically from native barium sulphate. A mixture of 
barium sulphate and coke and calcium chloride is strongly heated, 

BaS04 + CaClg + 4C = BaCl^ + 4CO + CaS. 

The maas is extracted with water and to the solution of barium 
chloride so obtained some lime is added to precipitate any calcium 
sulphide as the insoluble oxysulphide, CaO . CaS. The barium 
chloride is crystallised out and recrystallised till pure. 

Barium chloride is a uhite solid when anhydrous, and when 
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crystallised from water forms colourless crystals of formula 
BaClg . 2 H 2 O. The anhydrous salt melts at 959° C. Barium 
chloride is neither hygroscopic nor deliquescent, in these respects 
differing from the chlorides of strontium and calcium. 

Barium chloride is soluble in water. At 20° C. 100 gms. of water 
dissolve 35-7 gms. of the anhydrous salt and at 100° C. 58*8 gms. In 
presence of hydrochloric acid or chlorides its solubility is greatly 
diminished owing to the common ion effect (§ 118). The addition 
of concentrated hydrochloric acid to its solution therefore causes 
the salt to be precipitated. 

Barium chloride has the general properties of barium salts 
(§ 395), and chlorides (§ 1057). It is not decomposed by heat or 
hydrolysed by water. 

Barium chlorate Ba(C 103 )a may be made by the action of chlorine on 
barium hydroxide solution, at 80° C., the chloride being removed by 
rocrystallisation , 

6Ba(OH)2 + 6CI2 = BafClOala + SBaCl^ + 6H2O. 

It is used for preparing chloric acid (§ 1069), and in the manufacture 
of ‘ green fire.’ 

401. Detection and Estimation. — Barium is detected and also 
estimated by means of the precipitate of barium sulphate instantly 
formed from even very dilute solutions of barium salts and sulphates. 

Barium is detected in presence of calcium and strontium by the 
following method. 

Detection of Calcium, Strontium and Barimn in presence of each other , — 
In the qualitative analysis of a mixture which may contain salts of 
barium, strontiiim and calcium, the metals, of which the chlorides, 
hydroxides, or sulphides can be precipitated, are first removed (Pb, Ag, 
Hg, Cu, Bi, Cd, As, Sb, Sn, Fe, Cr, Al, Mn, Co, Ni, Zn). To the solution, 
made alkaline with ammonia and containing ammonium salts, 
ammonium carbonate is added when calcium, strontium and barium 
are precipitated as carbonates if present. 

The precipitate is filtered off and examined by one of the usual 
methods, of which the following, due to Treadwell, is typical. 

The precipitate of the carbonates so obtained is dissolved in dilute 
nitric acid and then evaporated to dryness by cautious heating, 
expelling the acid and water but not decomposing the nitrates. A 
part of this residue is dissolved in a little water and calcium sulphate 
solution is added. If no precipitate appears even on standing, only 
calcium can be present and its presence is confirmed by the flame 
test. If a precipitate is formed this must be barium or strontium 
sulphate and all three metals may be present. 

In this event the remainder of the nitrates, which must be dry, is 
treated with a little absolute alcohol and stirred well. The mixture 
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is filtered. Calcium nitrate is soluble and passes into solution in the 
alcohol. The filtrate is evaporated to dryness on a watch glass and 
the residue dissolved in a drop of hydrochloric acid and tested for 
calcium by the flame test (§ 380). 

The residue may contain strontium and barium nitrates. It is 
mixed with ammonium chloride and heated until no more white 
fumes are evolved. This converts the nitrates into chlorides, 

2Sr(N03)2 + ONH4CI = 2SrCl2 + SNg + Cl^ + I2H2O. 

These chlorides are treated with absolute alcohol as above, and the 
solution contains strontium chloride, which is detected by evapora- 
tion and flame test (§ 385). The residue of barium chloride is 
washed with alcohol and subjected to flame test (§ 395). 

Several other methods are used, based on the different solu- 
bilities of the chromates or ferrocyanides. 

Barium is estimated gravimetrically by precipitation as sulphate, 
using the precautions indicated in § 399. The precipitate adsorbs 
traces of other salts present in such a way that they cannot be 
washed out again. It is therefore advisable in precipitating barium 
as sulphate to remove other metallic salts as far as possible. 

If strontium is present the method cannot be used, since strontium 
sulphate is also practically insoluble, and it is usual to precipitate 
the barium as chloride by adding to the solution a large excess of 
fuming hydrochloric acid and a little ether. Barium chloride is 
precipitated almost completely and may be filtered off, redissolved 
in water and precipitated as sulphate. 

RADIUM Ra, 226 05 

The preparation and properties of the element are discussed in 
Chapter XXVI. 
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ZINC, CADMIUM, MERCURY 

402. Group II. B of the Periodic Table. — This group of metals 
shows certain common characteristics. The metals are charac- 
terised by low melting point and volatility, these properties becoming 
more marked as the atomic weights became greater. They each form 
a series of bivalent salts. Zinc and cadmium compounds show a 
very close resemblance, but mercury has in many respects a peculiar 
chemistry. Their relationship to Group II. A in the periodic table 
and their atomic structure are discussed at the beginning of 
Chapter XII. It may be noted that while in most groups the ele- 
ments of greatest atomic weight are the most electropositive, this is 
not the case with Groups I. B, II. B, or VIII. 

ZINC Zn, 65*38 

403. Historical. — Zinc was used by the Romans in the form of its 
ore and its oxide cadmia. It was employed in the manufacture of 
brass, copper ores and calamine being smelted together to yield 
a copper-zinc alloy. The metal seems to have been accidentally 
prepared in earlier times, but Kunkel, in 1700, seems to have been 
the first to recognise it as a separate metal. 

Since then the production of zinc has steadily increased to the 
present figure of over 400,000 tons yearly, this large output being 
chiefly employed in the manufacture of brass, galvanised goods, zinc 
sheeting, etc. 

404. Occurrence. — Zinc is found as — 

Zinc blende, zinc sulphide. ZnS. 

Calamine, zinc carbonate. ZnCOs* 

Franklinite, iron, zinc, and manganous oxides. 

The first two ores are the most important. 

405. Extraction of Zinc. — Zinc differs from most metals in that it 
is volatile enough to be readily distilled, and the principle of the 
extraction is to convert the ore into oxide and then distil this with 
carbon in a suitable retort. The carbon reduces the oxide to zinc, 

ZnO + C = Zn + CO, 

which distils over and is condensed. 

861 
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Numerous types of process have been evolved, of which the 
following is typical. 

The most important zinc ore is zinc blende. Zinc ore for smelting 
is required to be fairly concentrated, and it is therefore frequently 
separated from earthy matter, etc., by the oil-flotation process. The 
finely-crushed ore is mixed with a little oil and then washed with water. 
The oil adheres to the particles of metallic sulphide and causes them to 
float while the earthy matter sinks. The concentrates so obtained are 
then treated in the same way as the massive ore. 

If the ore is a sulphide, e.g., zinc blende, it is first roasted. A 
mechanical roaster is often used and the sulphur dioxide evolved used 
to make sulphuric acid (§ 929), 

2ZnS + SOjj == 2ZnO + 2SO,. 

The zinc oxide so produced is intimately mixed with finely ground 
coal and heated in a fireclay retort (Fig. 90) to the neck of wliioh is 



adapted a condenser of fireclay and a smaller condenser or receptacle, 
known as a prolong. The zinc oxide reacts with the coal, forming zinc 
and carbon monoxide. 

The foimor condenses partly as liquid metal in the condenser and 
partly as zinc-dust (mixed with some oxide) in the prolong. There are 
several types of furnace in use but the Rhenish fmnace illustrated may 
be regarded as t5q)ical. 

Wet Processes . — Processes based on dissolving the zinc from the ores 
by means of sulphuric acid (or sodium hydrogen sulphate), and recovering 
the zinc from the solution by electrolysis, have been used. They yield 
a very pure zinc, and lend themselves to the recovery of any silver 
present in the ore. Only where very cheap electricity is available, as 
in the U.S.A., are they paying propositions. 

406. Properties of Metallic Zinc.— Zinc is a bluish white metal 
which soon tarnishes to a grey colour. As cast it has a highly 
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crystalline structure and is very brittle. Though brittle below 
100° C. and above 200° C., it is malleable and ductile between 100° C. 
and 150° C. Moreover, sheet zinc, prepared by rolling the hot metal, 
retains its toughness after it has cooled. Rolled zinc sheets are 
largely used for roofing, etc. 

Zinc melts at 420° C. and boils at 930° C. under atmospheric pres- 
sure. Its specific heat is 0*092 and its density, which varies with 
the previous history of the metal, is c. 7*0. Zinc is a good conductor 
of heat and electricity. 

Chemical Properties . — Zinc bums with a bluish white flame when 
heated to over 1000° C. Zinc oxide, ZnO, is produced as a smoke 
and as a bulky cotton-wool mass, formerly called pompholyx or 
‘ philosopher’s w^ool.’ 

Zinc also reacts with chlorine and with sulphur, forming the 
chloride ZnClg and the sulphide ZnS, respectively. 

Zinc, if quite pure, is unattacked by boiling water, but commercial 
zinc, when boiled with water, slowly decomposes it. 

Cold water does not attack zinc to an appreciable extent. 

Zinc, at a red heat, reacts vigorously with steam, producing zinc 
oxide and hydrogen. 

Zn ”|- H 2 O = ZnO 02* 

Zinc tarnishes in moist air, becoming covered with a film of oxide, 
which preserves it from further attack if the atmosphere is not 
appreciably acid. In large towms zinc is rapidly corroded by the 
traces of sulphuric acid derived from the burning of coal. 

Commercial zinc is readily attacked by all acids, but very pure 
zinc dissolves only exceedingly slowly. The reason for this is not 
very certain. An explanation frequently given is that a layer of 
condensed hydrogen forms on the surface of pure zinc and stops the 
action of the acid. Impure zinc contains particles of impurity, and 
these are electronegative to zinc and form with it a number of tiny 
voltaic cells. Just as in the ordinary voltaic cell the hydrogen is 
evolved at the copper plate, so the hydrogen evolved from impure 
zinc is evolved fom the particles of impurity and leaves the zinc 
surface free for the acid to attack. In favour of this explanation is 
the fact that oxidising agents which oxidise the film of hydrogen 
cause pure zinc to dissolve, and even brushing the surface of the 
metal brings about the same effect. Thus commercial zinc readily 
dissolves in dilute sulphuric or hydrochloric acid, 

Zn + 2HC1 = ZnClg + Hj. 

The reaction is further discussed in § 183. 

With nitric acid zinc nitrate is formed. If the acid is concentrated 
nitrogen peroxide is mainly produced ; if weaker, nitric oxide is the 

T.0, A A 
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chief product ; while dilute nitric acid evolves no gas, being reduced 
to ammonia which, of course, reacts to form ammonium nitrate. 

Zn + 4HNO3 = Zn(N03)2 + 2H2O + 2NO2. 

3Zn + 8HNO3 = 3Zn(N03)2 + 4H2O + 2NO. 

4Zn + IOHNO3 = 4Zn(N08)2 + 3H2O + NH,N03. 

Dilute sulphuric acid gives hydrogen. Hot and stronger acids 
give hydrogen sulphide, sulphur and, finally, when nearly or quite 
concentrated, sulphur dioxide together, in each case, with zinc 
sulphate. 

Zn+ H2S04= ZnS04 + H2. 

4Zn + 5H2SO4 = 4ZnS04 + HgS + 4H2O. 

3Zn + 4H2SO4 = 3ZnS04 + S + 4H2O. 

Zn + 2H2SO4 = ZnS04 + SOg + 2H2O. 

Zinc, in presence of an acid is an excellent reducing agent, the 
general reaction being 

Zn + 2HC1 + XO = ZnCl2 + H2O + X. 

The hydrogen evolved from zinc has a reducing power much 
greater than gaseous hydrogen ; the reason of its superior chemical 
energy is discussed in § 192. 

Zinc reacts with hot concentrated solutions of sodium and 
potassium hydroxides, forming the zincate and hydrogen (cf. § 231). 

Zn + 2KOH = KgZnOg + Hg. 

Zinc reacts with many metallic salts, precipitating the metal, 
This action is used in the precipitation of gold and silver from the 
solutions obtained in their extraction by the cyanide process. 

407. Galvanising. — One of the most important uses of zinc is in 
the galvanising of iron. Galvanised iron is coated with a thin layer 
of zinc, which acts as an efficient preservative from rust. This 
is partly a mechanical protection, the zinc preventing water from 
reaching the iron, and partly chemical. If a piece of zinc becomes 
detached, exposing the iron, the metal still will not rust, for the zinc 
and iron form a galvanic cell, in which the more electropositive 
metal, zinc, alone dissolves. Thus galvanised iron remains free 
from rust until all the zinc has disappeared. 

Iron articles to be galvanised are first cleaned by ‘pickling' 
them with dilute hydrochloric acid. The acid attacks the iron 
slightly, loosening the ‘ scale ' or black oxide. The articles are 
then well washed. The zinc is melted and its surface covered with 
salammoniac as a flux. The articles are dipped in the molten zinc 
and withdrawn, covered with a layer of the metal. Wire, wire- 
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netting, sheet iron, etc., are drawn continuously first through the 
‘ pickle * trough and then through the molten zinc. 

408. Alloys of Zinc. — ^The most important of these are brass and 
German silver. 

Brass consists of copper alloyed with from 20-40 per cent, of 
zinc. To make it, copper is melted with some fiux, such as fiuorspar, 
to protect it from oxidation. Lumps of zinc are then added, a good 
deal of which bums, producing fumes of zinc oxide. 

Brass finds applications in industry on account of its beauty oi 
colour and the ease with which it can be worked by rolling, pressing, 
spinning, turning in the lathe, etc. 

German silver is a white metal, containing copper, zinc, tin and 
nickel in varying proportions (§ 279). 

409. Atomic Weight of Zinc. — Dulong and Petit’s law, the 
Periodic law and the vapour density of zinc chloride, zinc ethyl, etc., 
indicate a value for the atomic weight of about 65. 

An exact value has been obtained by similar methods to those 
employed for magnesium and also by finding the weight of silver 
displaced from a solution of a silver salt by a given weight of zinc. 
The value 65*38 is generally adopted. 

410. Zinc Oxides and Hydroxide. — Zinc oxide has been known for a 
much longer time than the metal itself. The cadmia of the ancients was 
a deposit in copper smelter’s furnaces, and probably consisted of impure 
zinc oxide. The name tiUia occurs later and also represents an impure 
oxide of zinc. 

Pompholyx was the name anciently given to the zinc oxide evolved 
as fumes when brass was being made by fusing copper with cadmia 
(t.e., a zinc ore) and charcoal. Ihe process is mentioned by the ancient 
author, Dioscorides, 1st cent. a.d. In latter times other names, such 
as nix alba, white snow, were applied to the material. 

Zinc oxide is made by^the usual methods, including burning the 
metal and heating the carbonate, both of which are used on the large 
scale. 

Zinc oxide is a white powder, which becomes yellow on heating 
and loses its colour again on cooling. It is not volatile below a 
white heat. 

The oxide is reduced by carbon at a red heat, as in the manu- 
facture of zinc, 

ZnO + C == Zn + CO. 

The oxide is almost insoluble in water (1 : 236,000). It dissolves in 
acids, giving zinc salts and water, and in alkalis yielding zincates, 

2KOH + ZnO = K^ZnO* + HjjO, 

Zinc oxide is used as a pigment, zinc white, which has the 
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advantage over white lead of being non-poisonous and unaffected 
by hydrogen sulphide. Its appearance and covering power is, 
however, inferior. The oxide is used in medicine in the form of 
zinc ointment. It is also employed in the manufacture of glazes 
for certain kinds of porcelain. 

Zinc peroxide is made by the action of hydrogen peroxide on zinc 
oxide ; the product always contains some monoxide, 

ZnO + HjOa = ZnOg + HgO. 

It is a yellowish white powder, which liberates hydrogen peroxide when 
treated with acids, 

ZnOg -f 2HC1 = ZiiClg + IiPa. 

It finds a use in medicine as a mild antiseptic. 

Zinc hydroxide Zn(OH )2 is obtained by the action of alkalis on 
zinc salts, 

2K0H + ZnCl., = Zn(OH )2 + 2KC1. 


It decomposes above 100° C. into zinc oxide and water. It behaves 
as an amphoteric hydroxide, dissolving both in acids to form zinc 
salts 


ZnC^ 

Zn<^ 


OH 

OH 

OH 

OH 


+ 2HC1 = ZnClj + SHjO 
+ 2KOH = Zn(OK)2 + 2HgO 


and in alkalis to form ziricatcs. 

411. Zincates. — The zincates are formed by the action of alkalis 
on zinc (§§ 231, 406) or zinc oxide or hydroxide. 

Sodium and potassium zincate behave like the salts of weak acids 
in that they are strongly hydrolysed. Their solutions are strongly 
alkaline, and when they are diluted with much water and heated, 
zinc hydroxide is precipitated, 

NagZnOg + 2 H 2 O = 2NaOH + Zn(OH) 2 . 

In this respect they resemble most salts derived from amphoteric 
metallic oxides (e.gr., aluminates, stannites, plumbites, etc.). The 
solution of zinc oxide or hydroxide in ammonia does not contain 
ammonium zincate, but a zinc ammonium complex ion, probably 
Zn(NH 3 ) 4 ++ (cf. § 286). 

412. General Properties of Zinc Salts. — ^Zinc salts are in general 
colourless. Most of the salts are very soluble in water. By their 
dissociation in water they furnish the zinc ion, Zn++. Neutral 
splutions of zinc salts when electrolysed deposit the metal, a some- 
what higher voltage being required than is needed for the electro- 
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deposition of most of the metals. Solutions of zinc salts give with 
alkalis a white precipitate of zinc hydroxide, 

Zii+ + + 20H- = Zn(0H)2 1 

which dissolves in excess, forming a zincate. With soluble car- 
bonates a precipitate of basic zinc carbonate is precipitated, and 
with soluble sulphides white zinc sulphide ZnS is precipitated in 
neutral alkaline or feebly acid solutions. 

413. Zinc Carbonate ZnC 03 occurs native as cahimine. As pre- 
pared by precipitating zinc salts with sodium bicarbonate it has the 
formula ZnCOg, but if normal sodium carbonate is used the composi- 
tion of the precipitate is more nearly ZnCOg . 2Zn(OH)2 . HgO. 

It is a white powder, readily decomposed by heat, and has been 
used as a pigment. It is used medically as a lotion for skin diseases, 
‘ calamine lotion.* 

414. Zinc Silicate. — Zinc orthosilicate Zii 2 Si 04 occurs native as 
willemite. The mineral shows a remarkable fluorescence under radio- 
active radiations and X-rays and flnds a use in the making of X-ray 
screens. 

415. Zinc Nitrate Zn(N 03 ) 2 - 6 H 20 is an exceedingly soluble salt. It 
has the usual properties of zinc salts and of nitrates. 

416. Zinc Sulphide ZnS occurs native as zinc blende. It can 
be made artificially by the action of hydrogen sulphide on an alkaline 
solution of a zinc salt (a zincate). 

KaZnO, + 2H,S = K^S + ZnS | + 2HaO. 

Zinc sulphide is used as a white pigment. 

It may bo prepared in a phosphorescent form. Pure zinc sulphide is 
not phosphorescent, but crystalline zinc sulphide containing traces of 
copper, silver, bismuth, manganese, etc., is luminous. The luminous 
sulphide may be. made by adding 5 gms. sodium chloride and 0-2 to 
0*6 gm. of manganese chloride to 20 gms. of pure zinc ammonium 
sulphate dissolved in 400 c.c. water. The sulphide is precipitated by 
H 2 S, filtered off and dried without washing. It is then heated (in a 
current of hydrogen sulphide) and becomes strongly phosphorescent. 

Zinc sulphide not only phosiihoresces after exposiue to light but also 
when exposed to X-rays or the a-radiation of radium. The Imninoiis 
paint used on watches is a mixture of zinc sulphide with a radium salt 
(of which some 0*000001 per cent, is enough to ensure a continuous 
light). 

Zinc sulphide is freely soluble in acids ; a zinc salt and hydrogen 
sulphide being formed, 

ZnS + 2HC1 = ZnClg + H^S. 

417. Zinc Hydiosalpbite Zn 2 S 04 is readily prepared in solution by 
the action of zinc on a solution of sulphurous acid, 

Zn *4** SSOg SB ZnSgO^. 
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It should be distinguished from zinc sulphite Zn(S08)2* Zinc hydro- 
sulphite is a powerful reducing agent, and is an article of commerce, 
being used for the decolorising of dyes by reduction. 

418. Zinc Sulphate ZnS 04 • 7 H 2 O is sometimes known as white 
vitriol {v. § 938). It is easily made by the action of dilute sulphuric 
acid on zinc. The salt usually crystallises as ZnS 04 . THgO, but 
other hydrates exist. 

It forms transparent crystals, very soluble in water, 100 gms. of 
which dissolve 138 gms. of the crystals at 10° C. It finds a use as an 
emetic in medicine, and as a lotion for the treatment of skin diseases, 
indolent ulcers, etc. 

419. Zinc Chloride ZnCls is obtained by the action of hydro- 
chloric acid on zinc. It is too soluble to be easily crystallised and so 
is evaporated till the temperature of the liquid reaches 230°-240° C., 
when the liquid consists of melted zinc chloride, which is poured into 
airtight drums and allowed to solidify. 

The zinc chloride so obtained contains the oxychloride 
(ZnClg . nZnO) ; the pure anhydrous salt is best made by heating 
zinc ammonium chloride 3 NH 4 CI . ZnClg in a current of hydrogen 
chloride. 

Zinc chloride forms a white solid which is highly deliquescent. 
It is poisonous. The solid has caustic properties and is sometimes 
used in medicine for this purpose. Its solution has been used as a 
disinfectant. Zinc chloride is exceedingly soluble in water, 100 gms. 
of water dissolving 330 gms. at 10° C., and at high temperatures it 
appears to be miscible with water in all proportions. 

Zinc chloride has a remarkable power of absorbing water and can 
be used as a drying agent for gases, etc. Moreover, it has the power, 
like sulphuric acid, of bringing about reactions in which water is 
evolved. Thus it is used in organic chemistry as a ‘ condensing 
agent.’ 

Strong zinc chloride solution dissolves cellulose and so cannot 
be filtered through paper. It also attacks silk, skin and other 
protein derivatives. 

Zinc chloride has all the usual properties of chlorides and of zinc 
salts. 

It combines with zinc oxide to form a hard insoluble zinc oxy- 
chloride, and a mixture of these substances is sometimes used as 
a dental cement. The zinc ^alts have a preservative action on the 
pulp of the tooth by destroying bacteria, etc. 

Zinc chloride solution is used in soldering as a flux * killed 
spirit ’ (i.e., hydrochloric acid or spirits of salt neutralised with 
zinc). Its action is to dissolve the coating of oxide on the metal 
to be soldered. 
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430, Detection and Estimation of Zinc. — ^There are not many specific 
tests for zinc. The simplest test for a zinc compound is to heat it with 
sodium carbonate on charcoal in the blow-pipe flame. Zinc oxide is 
first formed, which is reduced to metallic zinc. This is volatilised and 
re-oxidised, forming on the charcoal an incrustation of zinc oxide 
which is yellow while hot and white when cold. 

In qualitative analysis zinc is usually grouped with cobalt, nickel and 
manganese. These metals have sulphides which are not precipitated 
in acid solution, and hydroxides which are not precipitated by ammonia 
in presence of ammonium chloride. Their sulphides are, however, 
precipitated by ammonium sulphide (§§ 119, 902). Zinc sulphide is 
distinguishable from the others of the group by its white colour. 

Estimation of Zinc . — Zinc is usually determined as zinc ammonium 
phosphate. A cold acid solution containing the zinc is almost 
neutralised with ammonia, heated and treated with ammonium 
phosphate. An amorphous precipitate of 

Zn++ -f NH4+ 4- PO 4 = ZnNH^PO*, 

zinc ammonium phosphate comes down and becomes crystalline when 
heated on the water bath. It is filtered through a Gooch crucible, 
washed, dried and weighed. The precipitate may also be heated in a 
crucible and weighed as zinc pyrophosphate (cf. § 350). 

2 ZnNH 4 P 04 = ZnaP.O^ -f 2NH8 + Kfi. 

A neutral solution of a zinc salt may be titrated with potassium 
ferrocyanide solution. The reaction is 

SZnCla + 2K4Fe(CN)« = 6KC1 -f KaZnsCFeCCN)*),. 

The end point may be detected by adding a little of the solution to spots 
of ammonium molybdate on a tile. Any excess of ferrocyanide colours 
this brown. 

CADMIUM Cd, 112-41 

421. Discovery. — In 1817 a specimen of zinc carbonate was found to 
be yellowish in colour and in 1818 a specimen of zinc was found to give 
a sulphide of a yellow colour. K. S. L. Hermann showed that a new 
element was present. This was named Cadmium after the cadmia of the 
ancients, which was a kind of flue-dust similar to that in which cadmium 
is found. Stromeyer, in 1817, isolated the metal itself. 

422. Occurrence. — Cadmium sulphide is found as Oreenockite. It is, 
however, chiefly found as a constituent of zinc ores, which commonly 
contain 0-1 to 0-5 per cent. 

428. Extraction. — When zinc is distilled from its oras (§ 406) the 
first portion to distil consists of zinc and cadmium and contains most 
of the latter metal present in the ore. This may be redistilled, the first 
portion being again collected. This is then mixed with some coal and 
distilled a third time. Further distillations finally bring the cadmium 
to sufficient ptirity. 

424. Properties. — Ceulmium is a white metal. It is fairly hard and 
not brittle at ordinary temperatures. It melts at 321*7® C. and boils at 
778® C. Its density is 8-66. 

Cadmium bums readily in air, emitting brown fumes of the oxide. 
Its reactions are m general closely similar to zinc, though less vigorous. 

The metal forms numerous alloys. Copper containing a small pro- 
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portion of cadmium is coming into use in electrical work. Other alloys 
of some importance are the fusible metals (v, § 829), and cadmium 
amalgam, which was at one time used for filling teeth and which finds a 
use in the cadmium standard cell. 

426. Atomic Weight of Cadmium. — ^The atomic weight of cadmium 
has been determined by methods analogous to those used for zinc, and 
a value of 112*40 is that generally adopted. ' 

426. Cadmium Oxide CdO is brown in colour. It is made by the 
usual methods and is a basic oxide of normal type. 

427. Cadmium Salts. — The cadmium salts are colourless in solution 
and are remarkable — in common with mercuric salts — in showing poor 
conductivity for electricity. This is due to the formation of auto- 
complexes. Thus cadmium chloride ionises to cadmium and chloride 
ions, CdClg ^ Cd++ -f 2C1“, but the ions combine with the undis- 
sociated chloride, 

Cd++ + 2C1- -h CdCla = Cd[CdCl4]. 

Mercuric salts show poor conductivity on account of their very slight 
dissociation into ions. The most important 
reaction of cadmium salts is the precipitation of 
the yellow sulphide, CdS (§ 429). 

428. Cadmium Nitrate . Cd(N 03)2 4 H 2 O is a 

deliquescent salt, very soluble in water. 

429. Cadmium Sulphide, Cadmium Yellow 
CdS, is the most important compound of 
cadmium. It is prepared by the action of 
hydrogen sulphide on a solution of a cad- 
mium salt. As the solubility product of 
cadmium sulphide is not very low, the 
presence of much acid prevents its precipi- 
tation. 

The formation of this brilliant yellow sulphide affords a test for 
cadmium. The only other pure yellow sulphide is that of arsenic. 
Arsenic sulphide is distinguished from cadmium sulphide by its 
solubility in ammonium sulphide {v. § 804). 

Cadmium sulphide, as ordinarily prepared, is a brilliant yellow 
powder. It exists also in an orange-red form. It finds a use as a 
pigment for oil and water colours. It must not be mixed with white 
lead, or the latter will be slowly blackened by formation of lead 
sulphide. 

430. Cadmium Sulphate 8 CdS 04 . SH^O is made by the action of 
sulphuric acid on cadmium oxide. It is used in the Weston Standard 
Coll, which has the construction shown in Fig. 91. The electrodes are 
cadmium amalgam and mercury respectively, and the liquid a saturated 
solution of cadmium and mercurous sulphates. It gives an E.M.F. of 
1*019 volts at 16 to 18® C. and the change of E.M.F. with temperature is 
negligibly small. 

481. Detection of Cadmium. — ^The most characteristic reaction of the 
cadmium ion is its reaction with hydrogen sulphide to form the bright 



Fig. 91. — ^Weston 
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CADMIUM 


361 


yellow sulphide, CdS. In systematic qualitative analysis it is separated 
with the metals of which the sulphides are precipitated from acid 
solution. Of these sulphides only those of lead, mercury and bismuth, 
copper and cadmium are insoluble in ammonium sulphide. From these 
metals copper and cadmium are readily separated as having hydroxides 
soluble in ammonia. The detection of cadmium in presence of copper 
is performed in two ways. 

(1) The acid solution of the salts is treated with iron wire. Copper is 
precipitated, but cadmium, being more electropositive than iron, 
remains in solution, 

Cu++ 4. Fe = Fe++ + Cu. 

The solution is filtered and treated with hydrogen sulphide. Ferrous 
sulphide is not precipitated and the yellow cadmium sulphide indicates 
the presence of cadmium. 

(2) To the solution of the salts potassium cyanide is added until the 
blue colour of the cupric ion just disappears. Hydrogen* sulphide will 
not precipitate copjjer but will precipitate cadmium from such a 
solution. The ions Cu(CN) 4 — and Cd(CN) 4 — are formed. The 
former is only very slightly dissociated, 

Cu(CN)4"- Cu++ -f 4CN-, 

and does not yield enough cupric ion for the solubility product of a 
cupric sulphide to be reached. The cadmicyanide ion is dissociated to 
a much greater extent and yields enough Cd++ for the precipitation of 
CdS. 


MERCURY Hg, 200-61 

432. Historical. — The metal mercury has been known since very 
early times. It was certainly known to the Romans, who seem to 
have distinguished between hydrargyrum^ mercury made artificially, 
and argentum vivum, native mercury. Our name, quicksilver, was 
derived from the latter. Mercury was at first not reganied as a 
true metal, and was not given an Alchemical sign, but later it 
received the sign ^ of Hermes (Lat. Mercurius), the divine patron 
of the occult sciences. Mercury was one of the chief materials used 
in alchemy, being regarded at one period as the basis or prime 
matter from which the other metals were derived by fixation and 
admixture of ‘ sulphur ’ (§ 6). 

433. Occurrence. — ^Mercury occurs occasionally as the native 
metal, disseminated in globules through the rock, but more com- 
monly as cinnabar^ mercuric sulphide HgS. This is found chiefly 
in Spain at Almaden, in Carniola, Tuscany, and in California. 

The extraction of mercury from cinnabar-containing ores is accom- 
plished as a rule by heating the ore in a supply of air sufficient to 
oxidise it to mercury and sulphur dioxide, 

HgS + O 2 = Hg + SO^. 

The mercury is condensed. 
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Occasionally cinnabar is heated with lime or iron, 

4CaO + 4HgS = 4Hg + 3CaS + CaS 04 
HgS + Fe == Hg + FeS. 

Many and various types of furnaces have been used. In the first 
method the crushed and well-dried ore is fed into a kind of blast furnace, 
filled with sloping shelves, beneath which pass the hot gases from an 
external fire. The mixture of air, sulphur dioxide and mercury vapour 
passes through several large chambers, whore much of the mercury 
condenses, the remainder being deposited in long flues. 

In other patterns a mixture of ore and charcoal is charged into a small 



Fig. 92. — Distillation of mercury in vacuo. Fig. 93. 


blast furnace, where it bums. The cinnabar is oxidised as above and 
the gases which leave the furnace are subjected to condensation in brick 
chambers and flues. 

484. Purification of Mercury.— The purification of mercury is of 
importance in laboratory work. The impurities in mercury consist 
as a rule of baser metals, copper, zinc, etc. Impure mercury is 
recognised by its ready tarnishing and by the fact that it adheres 
somewhat to glass so that its globules become pear-shaped when 
made to run down a sloping glass plate. 

The simplest method of purifying mercury from the baser metals is to 
heat it to 150^ C. in a round flask and draw through it a steady stream 
of air from which dust has been removed by a cotton-wool filter. The 
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impurities oxidise and collect on tho surface as a scum, which may be 
removed by filtration through wash-leather. The process is continued 
till no more scum is formed. 

The simple apparatus of Fig. 94 is also quite efficient. Mercury is 
placed in tho sloping tube and air is drawn through it with a water- 
pump. The impurities oxidise and collect as a scum which may be 
filtered off through wash-leather. These processes of oxidation will 
not remove gold or silver. 

Distillation is the only quite satisfactory way of purifying 
mercury, but the ‘ bumping * is so violent under laboratory condi- 
tions that the process is almost impracticable. 

By distillation under highly reduced pressure it is, however, easy to 
obtain very pure mercuiy. An ingenious piece of apparatus has been 
devised by which mercury is heated and the condensed droplets operate 
a Sprengel vacuum pump and maintain the vacuum. Such an 
apparatus is shown in Fig. 92. 

If this apparatus is not available advantage may be taken of the fact 
that a dilute solution of mercurous 
nitrate will react with all base 
metals forming their nitrates and 
mercury. Even silver reacts to 
some extent.^ Tho mercury is 
allowed to flow in a stream of t^4. 

fine droplets through a solution 

of nitric acid Id). Some mercurous nitrate is formed and reacts 
with the base metals present. If much impurity is present the process 
will need frequent repetition. The apparatus shown in Fig. 93 may 
bo used. 

486. Physical Properties of Mercury. — Mercury is the only metal 
permanently liquid at the ordinary temperature (but v. § 619). It 
has a brilliant silver-like lustre. Mercury solidifies at ~38*85° C. 
to a white lustrous metal. It boils at 357® C., at 760 mm., forming a 
monatomic vapour. It is volatile even at ordinary temperatures, 
and its vapour is poisonous to those exposed to it for long periods. 
Mercury has a density of 13-646 gms./cm.® at 20° C. For a metal, 
it is a poor conductor of heat and electricity, having an electrical 
conductivity less than a fiftieth of that of silver. 

Mercury has a powerful action on the bodily functions. If the vapour 
is inhaled or if the metal is rubbed into the skin in the form of an oint- 
ment it has a strong curative action on certain serious diseases. The 
prolonged inhalation of the vapour or tho taking of an excessive 
quantity of mercurial medicines finally produces serious illness, causing 
a copious flow of saliva, loosening of the teeth, and finally death. 

For medical purposes metallic mercury is occasionally still used in the 
form of the ‘ blue pill,’ made by grinding mercury, liquorice, chalk, etc., 
to a grey mass. The action of this is probably due to traces of oxide. 
For many purposes mercury is rubbed with grease or oil until it is 

* The reaction, Hg -f AgNO^ HgNO, + Ag, is an equilibrium, if mer- 
curous nitrate is present in great excess, silver goes into solution. 
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deadened or converted into globules so fine that a powerful microscope 
is needed to see them. The ointment is rubbed into the skin or the oil 
injected into the muscles. 

436. Chemical Properties of Mercury. — Mercury is slowly oxidised 
when heated in air or oxygen to a temperature of about 350° C., the 
red oxide being formed, 

2IIg + O 2 = 2HgO. 

It reacts vigorously with chlorine, forming mercuric cliloride, 

Hg + CI 2 = HgCl^. 

Mercury reacts directly with sulphur and iodine when rubbed 
with the solids in a mortar. 

Most dilute acids have no effect, but dilute and concentrated 
nitric acid and hot strong sulx)huric acid attack it. Nitric acid 
forms mercurous nitrate if dilute, mercuric nitrate if concentrated. 
Hot concentrated sulphuric acid reacts with mercury, forming 
sulphur dioxide, and if there is an excess of acid, mercuric sul- 
phate ; if an excess of mercury is present mercurous sulphate is 
produced. It is attacked by hydriodic acid on account of the 
formation of the Hgl 4 — ion (§278). 

Mercury is not affected by water or alkalis. 

487. Amalgams. — ^Mercury dissolves nearly all the metals and 
forms what are called amalgams. These are, as a rule, a solution in 
mercury of a compound of the metal and mercury. If much 
mercury is present they form soft bright buttery masses, but may 
also be hard and metallic in appearance and consistency. 

Sodium amalgam is made by dissolving clean sodium in mercury. 
The sodium dissolves with a bright flash and forms the solid com- 
pound, NaHg, Sodium amalgam is a useful reducing agent, evolving 
hydrogen in presence of water. 

The so-called Ammonium amalgam is made by the action of sodium 
amalgam on ammonium chloride. It forms a peculiar buttery porous 
mass which soon decomposes into mercury, ammonia and hydi’ogen. 
Whether it contains actual ammonium NH 4 is at least doubtful. 

Tin amalgam was at one time used for the ‘ silvering * of mirrors. 

Copper amalgam has the useful property of softening when heated to 
100® C. and setting hard within a few hours. 

Amalgams are made by various methods. The simplest is to mix 
mercury and the liquid metal, or to rub the metal, preferably in filings, 
in a mortar with mercury. A method which is available for metals like 
iron, which do not easily amalgamate, is to place some zinc or sodium 
amalgam in a solution of the metal. The sodium goes into solution, dis- 
placing the metal from its salt. The metal, in its freshly precipitated 
state, easily dissolves in the mercury. 

2Na -f FeS 04 — NaaS 04 -f Fe. 

Again, the finely divided metal may be dipped in a solution of mercuric 
chloride or nitrate. It displaces the mercury from combination and the 
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deposited mercury amalgamates with the residue of metal. Thus 
copper is amalgamated by placing it in mercuric nitrate solution. 

438. Uses of Mercury. — Mercury finds numerous uses in physical 
apparatus, thermometers, barometers, etc., arising from its great 
density, its opacity, its slight volatility, and the fact that it does not 
wet glass. It finds other uses in the manufacture of vermilion and 
in the extraction of gold and silver from their ores. A certain 
amount is used in medicine. 

439. Atomic Weight of Mercury. — Dulong and Petit’s law, the vapour 
density of volatile mercury compounds and its position in the periodic 
table indicate an approximate atomic weight of 200 . The exact atomic 
weight has been best determined ( 1 ) electrochernically (cf. p. 294 ) ; 
( 2 ) by converting the chlorides of mercury into silver chloride. Those 
methods indicate a value of 200 * 6 . Mercury consists of at least six 
isotopes of atomic weights, 202 , 200 , 199 , 198 , 201 , 204 , 196 . 

Bri<nsted and Hevesey effected a partial separation of these by 
allowing mercury to evaporate at a low pressure. The heaviest atoms 
are oject(3d with the least rapidity and they were able in this way to 
obtain two specimens of mercury differing in density to tho extent of 
0*05 per cent. Tho method is further described in § 150 . Tho atomic 
weight of the two samples differed in the same proportion, e.y., by 
about 0*1. 


440. Mercurous and Mercuric Compounds. — Mercury forms two 
series of compounds, the mercuric compounds in which the metal is 
divalent, and the mercurous compounds which contain the divalent 
group Hgg, and in which the metal is effectively monovalent. 

Thus we have : 


Mercuric Compounds. 

HgO 

HgC], 

HgSO, 

HgCNOa), 


Mercurous Compounds. 
HgaO 
HgaCl, 
HgaSO, 
Hga(NOs)2 


The mercuric compounds in solution yield the ion Hg++, though 
not to any great extent, for their solutions are much less dissociated 
than corresponding solutions of other metals. 

The mercurous compounds yield the ion not Hg+. 

441. Oxides of Mercury. — ^These are probably only two ; — 

Mercuric oxide .... HgO 
(Mercury peroxide .... HgOg) 


The black so-called mercurous oxide is obtained by the aetion of an 
alkali on a mercurous salt. It is shown by its X-ray diagram to give 
the pattern to be expected from a mixtuie of mercuric oxide and 
mercur5% 

HgalNOj), + 2KOH = Hg 4- HgO + H,0 + 2KNO,. 
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It is a black powder from which gentle heat separates mercuric oxide 
and mercury. 

It combines directly with oxygen above 100 ° C., forming mercuric 
oxide. 

442. Mercuric Oxide HgO. — ^This oxide is produced when mercury 
is heated in air at about 350® C., but is usually made by the reaction 
of boiling solutions of potassium carbonate and mercuric chloride. 
The precipitate formed is boiled for some time. Since mercuric 
carbonate is not stable the oxide is formed, 

HgCla + K 2 CO 3 = HgO + COa + 2KC1. 

The red variety of the oxide is produced in this way. There is also 
a yellow variety which is less stable and more reactive. The only 
difference appears to be that of particle size ; small particles have 
more surface energy i)er unit weight of material and are therefore 
more soluble, less stable and more reactive. It is prepared by the 
action of alkalis on mercuric salts in the cold, 

HgClg + 2KOH = HgO + HgO + 2KCL 

The red form of mercuric oxide is a bright red crystalline pow der, 
which darkens when heated and regains its colour when cooled. It 
is nearly insoluble in water. Mercuric oxide is, like most mercuric 
compounds, highly poisonous. 

It is a comparatively unstable substance. When heated it decom- 
poses below a red heat into mercury and oxygen (§§ 856, 860). 

2HgO = 2 Hg + Og. 

This reaction is of interest as being that by which oxygen was first 
prepared. 

In addition to the usual properties of a basic oxide, mercuric oxide 
is a strong oxidising agent. Mixtures of the oxide with sulphur or 
phosphorus explode violently when heated. 

448, The Mercuric Salts. — ^The solutions of the soluble mercuric 
salts (the chloride, sulphate and nitrate) have certain reactions in 
common, which may be attributed to the mercuric ion, Hg++, which 
is present in their solutions, though not in any large proportion. 

Solutions of mercuric salts are colourless, have a powerful metallic 
taste and are very poisonous. 

They give precipitates of insoluble mercuric salts with many 
reagents. 

The caustic alkalis give a yellow precipitate of mercuric oxide, 

Hg++ + 20H- = HgO + HgO. 

Ammonia forms white basic salts (cf. p. 372). Hydrogen sulphide 
gives a black precipitate of mercuric sulphide HgS, which is insoluble 
in dilute nitric acid (2-3 N), differing thereby from all other pre- 
cipitated sulphides. 
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Potassium iodide precipitates the brilliant orange-scarlet mercuric 
iodide, which redissolves in excess of the reagent, forming 
Hg++ + 21- = Hgl^ 

HgI, + 2I-=HgIr- 

potassium mercuri-iodide which, mixed with potassium hydroxide, 
constitutes Nessler’s solution (v, § 456), used as a reagent for detect- 
ing small traces of ammonia. 

Reducing agents convert mercuric salts into the mercurous salts 
(v. under mercuric chloride, § 455) and finally into metallic mercury. 
When electrolysed mercury is produced. The metal is displaced 
from its salts by all others except the platinum metals and gold, as 
described in the succeeding section. 

The above reactions are given by all soluble mercuric salts, except 
the cyanide, which is hardly at all dissociated and yields only traces 
of the mercuric ion. 

Mercuric salts are ionised to a much smaller extent than any others. 
The dissociation constant of mercuric chloride is about 10“^^, while 
that of an ordinary salt is more than tmity, and in some cases probably 
infinite. Accordingly, solutions of mercuric salts are very poor con- 
ductors. Other consequences follow. Thus, owing to the minute 
concentration of chloride ion, sulphuric acid liberates no hydrogen 
chloride from mercuric chloride ; for the amount of hydrogen chloride 
formed by the reaction H+ -f- Cl- ^ HCl never exceeds its solubility 
in the acid. 

Mercuric chloride solution dissolves silver chloride. The amount of 
chloride ion from the silver chloride, small as it is, is far more than can 
be in equilibrium with the mercuric chloride, and the solubility product 
of the silver chloride is not attained. 

AgCl ^ AgCl ^ Ag+ + Cl- 

Solid dissolved. 

Cl- -f HgCl+^HgClj. 

Finally, most surprisingly, if yellow mercuric oxide is shaken with 
potassium chloride quite a considerable amount of caustic potash is 
formed in consequence of the reactions. 

(a) HgO + HgO^Hg++ + 20H- 

(b) Hg++ + 2Cl-;F=^HgCl2. 

The mercuric ion formed in equilibrium (a) is much more than can 
remain in equilibrium in (6). Hence mercuric oxide goes into solution 
and OH“ ion accumulates. 

444. Mercurous Salts. — ^The mercurous salts are for the most part 
Insoluble in water and the nitrate is the only common soluble com- 
pound. 

Mercurous salts give a black or dark brown precipitate with 
alkalis, 

Hg«(NOa)g + 2KOH == Hg + HgO + 2KNOs + H.O. 
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With hydrogen sulphide a black precipitate is formed, containing 
mercuric sulphide and mercury. 

Potassium iodide precipitates green mercurous iodide Hg 2 l 2 , 
which immediately breaks up into mercury and mercuric iodide. 
The action of all metals, except gold and the platinum metals, 
upon soluble mercury salts is to displace the mercury from combina- 
tion. The mercury so formed amalgamates with the remainder of 
the metal (§ 437). 

445. Carbonates of Mercury. — ^These salts are unstable. Mercurous 
carbonate HggCOg decomposes, forming mercui-ic oxide, mercury and 
carbon dioxide at 100-130® C. Normal mercuric carbonate does not 
exist, but some ill-defined basic salts are known. 

446. Mercuric Cyanide Hg(CN )2 is of interest as being a metallic salt, 
which is hardly ionised at all in aqueous solution. When heated it 
evolves evanogon (§ 573). 

447. Mercury Fulminate 2Hg(CN0)2.H20 is of value as an explosive. 
It is prepared by adding alcohol to a solution of mercury dissolved in an 
excess of nitric acid. The preparation should not be undertaken by the 
student, for the explosion of this compound is likely to cause serious 
injury. 

Mercuric fulminate is an explosive of groat violence. It oxi)lodes very 
suddenly when struck or heated, and produces a violent shock which is 
of such a character as to cause other more stable substances, such as 
picric acid CflH2(N02)gOH, to explode. It is therefore employed in the 
detonators used in blasting and in warfare to cause the explosion of 
dynamite, picric acid, etc. 

448. Mercuric Thiocyanate Hg(CNS )2 forms a white precipitate 
when an excess of mercuric chloride is added to sodium thiocyanate 
solution. When ignited it forms a voluminous ash, and the so-called 
PharaoKs serpent-s are pellets of mercuric thiocyanate made up with 
gum. When ignited they burn, forming a curious woim-liko structure 
of ash, etc. 

449. Mercurous Nitrate Hg 2 (N 03)2 . 2 H 2 O is the only soluble 
mercurous salt. It is prepared by the action of w^arm dilute nitric 
acid (sp. gr. 1*2) upon an excess of mercury. When no further 
reaction occurs the liquid is decanted from the excess of mercury and 
left to cool and crystallise. 

Mercurous nitrate is a white crystalline salt. It is soluble in 
water containing nitric acid, but wdth pure water forms a basic 
nitrate. In order, therefore, to prepare a solution of the normal 
salt it must be dissolved in dilute nitric acid. 

Mercurous nitrate is decomposed on heating into mercuric oxide 
and nitrogen peroxide, 

Hg2(N03)2 - 2HgO + 2 NO 2 . 

Its solution gives, with chlorides, a white precipitate of mercurous 
chloride, and it shows the precipitation reactions described under 
mercurous salts (§ 444). 
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450. Mercuric Nitrate Hg(N 03)2 . 2 H 2 O is obtained by heating 
mercury or mercurous nitrate with nitric acid until no precipitate of 
calomel is given by a test portion to which a solution of a chloride 
has been added. 

It has the usual reactions of a mercuric salt and of a nitrate. It 
reacts with water to form a white insoluble basic nitrate, 

2Hg(N03)2 . 2HgO, 

and it must therefore be dissolved in dilute nitric acid. 

451. Mercuric Sulphide, Vermilion, Cinnabar, HgS. — Mercuric 
sulphide is found native as a red mineral, cinnabar, which is the 
chief source of mercury (§ 4*33). 

Cinnabar is not pure enough for use as a pigment, and mercuric 
sulphide is therefore prepared artificially. 

Mercuric sulphide exists as {a) a black amorphous variety ; (6) a 
red crystalline variety. 

(а) The black sulphide is made by rubbing mercury and sulphur 
together in a mortar or by passing hydrogen sulphide through a 
solution of a mercuric salt, usually the chloride 

HgClg + HgS - 2HC1 + HgS. 

The precipitate is at first whitish, then changes to yellow^-bro'wn 
and finally black. The intermediate stages are compounds or 
mixtures of the sulphide and chloride. 

(б) The red variety, which forms the valuable pigment vermilion, 
is made by preparing the -black sulphide and then subliming it, 
when it condenses as the red variety. 

Mercuric sulphide is a black or brilliant red solid, insoluble in 
water, and hardly attacked by acids. 

When heated, it decomposes into mercury and sulphur, and if air 
is present the latter is oxidised to the dioxide, 

HgS + O 2 - Hg + SO 2 . 

It is reduced to metal by heating with sodium carbonate, lime, iron 
filings, etc. (§ 433). The red form is attacked by boiling nitric acid 
and forms a white insoluble compound. The black form dissolves in 
moderately dilute nitric acid, forming mercuric nitrate. 

Aqua regia attacks it. 

HgS + CI 2 = HgClg + S. 

It is soluble in sodium sulphide solution, forming a complex salt. 

Mercuric sulphide finds considerable use as a pigment. It has a 
very beautiful colour and is extremely permanent. Vermilion 
lettering in illuminated manuscripts a thousand years old retains all 
its brilliance of colour. Its cost precludes its use for large scale 



370 ZINC, CADMIUM, MERCURY 

decoration, red lead, which is far less permanent, being ordinarily 
used. 

Mercurous sulphide does not exist (§ 444). 

462. Mercurous Sulphate Hg2S04 is prepared by the action of 
sulphuric acid on mercury at the lowest temperature at which the 
action will take place, 

2Hg + 2H2SO4 = Hg2S04 + 2H2O + SO2, 
or by adding sulphuric acid to mercurous nitrate solution, 

Hg/+ + S04-^Hg^04 

It is a white solid, almost insoluble in water. It finds a use in the 
Western Standard cell (§ 430). 

468. Mercuric Sulphate is prepared by heating mercury strongly 
with an excess of sulphuric acid and evaporating, when small silvery 
crystals are produced on cooling, 

Hg + 2H2SO4 = HgS04 + 2H2O + SO2. 

Mercuric sulphate forms small white crystals soluble in water. 
When heated strongly mercurous sulphate, mercury, sulphur 
dioxide and oxygen are formed. 

It dissolves in cold water but reacts with hot water to form the 
red basic sulphate, ‘ turpeth mineral,’ 

3HgS04 + 2H2O = HgS04 . 2HgO + 2H2SO4. 

464. Mercurous Chloride, Calomel, HgsClg. — Mercurous chloride has 
been known since the early Middle Ages, and the Chinese and 
Japanese have prepared it and used it medicinally for many centuries. 
The name is probably derived from the Greek icoAoj, good, and ficXar, 
black. The reason of the application of the word * black ’ to this white 
salt is doubtful. Among various suggestions we may note the fact that 
it was a remedy for * black * bile (melancholia) and also that it is 
blackened by aUmlis. 

Calomel is prepared by grinding mercuric chloride with mercury 
till the latter is ‘ deadened ’ or converted into a grey mass of in- 
visibly small globules, and subliming the product, 

HgCl2 + Hg = Hg2Cl2. 

The solid cake of sublimate is ground and washed with boiling water 
till no trace of the very poisonous mercuric chloride remains. 

This salt is also made by converting mercury into mercuric 
sulphate, grinding this thoroughly with common salt and metallic 
mercury and subliming the mass and purifying it, 

Hg + 2H2SO4 = HgS04 + 2H2O + SO2 
HgS04 + 2NaCl = HgClg + NaaS04 
HgCl, + Hg - Hg,Cl„ 


as above. 
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In tho laboratory the simplest method is to heat 9 parts of mercury 
with 8 parts of nitric acid (sp. gr. 1*2) until no more can be dissolved, 
mercurous nitrate being formed, 

6Hg + 8HNO3 - 3Hg3(N03)2 + 4H3O + 2NO. 

To this is added a boiling solution of common salt acidified with a 
little hydrochloric acid. Insoluble mercurous chloride is precipi- 
tated, filtered off and repeatedly washed to remove any traces of 
mercuric chloride, 

Hg2(N03)2 + 2NaCl ^ Hg^Cl^ + 2NaN03. 

Properties , — Mercurous chloride is a white powder, without taste 
or smell and insoluble in water. It acts as a purgative and chola- 
gogue, and finds considerable use in medicine. For this purpose it 
must be free from mercuric chloride. The presence of this impurity 
is best detected by mixing the solid with water and immersing a clean 
knife blade, on which a black stain of mercury will be produced if as 
little as *00002 gm. of mercuric chloride is present. 

Calomel vaporises when heated and the vapour consists of a 
mixture of mercury and mercuric chloride vapour, 

HgsCl^^Hg + HgCl^. 

Its vapour density therefore corresponds to the value for the 
formula HgCl. If, however, the material is intensively dried 
(§ 205) the vapour does not dissociate, and has a vapour density 
corresponding to HggClg. The lowering of the freezing point 
(§ 60) of fused mercuric chloride by calomel also indicates this 
formula. 

In addition to the usual reactions of mercurous compounds calomel 
forms a remarkable black compound with ammonia. This consists of a 
mixture of mercuric aminochloride and mercury. 

HgjCl, + 2NH3 = Hg + HgClNHa + NH4CI, 

Calomel may possibly be named from the production of this compound. 
Mercuric chloride (t?. infra) forms only the white mercuric amino- 
chloride tmder these conditions, 

HgCla -f 2 ]SrHa= HgClNH, + NH4CI. 

455. Mercuric Chloride, Corrosive Sublimate, HgCl 2 . — ^Mercury is 
readily converted into this salt by the action of chlorine or of aqua 
regia. 

Hg + CI2 = HgCl^. 

On the large scale mercuric sulphate is made by heating mercury 
for a long time with a slight excess of sulphuric acid and evaporating 
to dryness. The mercuric sulphate is mixed with common salt 

B B 2 
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and a little manganese dioxide and sublimed onto the lids of iron 
pots. 

Hg + 2H2SO4 = HgS 04 + 2H2O + SO2 
HgS04 + 2 NaCl HgCl^ + Na2S04. 

Mercuric chloride forms white crystalline lumps, soluble in water 
(100 gms. dissolve 5-6 gms. at 10° C., 56 at 100° C.) and in alcohol. 
It has a strong metallic taste and is intensely poisonous. The best 
antidote is albumen — raw white of egg, with which it forms an 
insoluble precipitate. Sodium thiosulphate — ‘ hypo ’ — is also a 
remedy, probably forming the insoluble sulphide HgS. Its power 
of destroying bacteria makes mercuric chloride a most efficient 
disinfectant and antiseptic, a weak solution (1 : 1,000) being used as 
a disinfectant in surgical practice and for dressing wounds. 

Mercuric chloride vaporises at comparatively low temperature. 
It melts at 288 ° C. and boils at 303 ° C. 

Mercuric chloride is only slightly dissociated in solution and its 
solutions are therefore poor conductors of electricity. 

In solution mercuric chloride slowly decomposes, giving calomel. 
This reaction, as also its reaction with certain reducing agents, such 
as oxalates, occurs only in the light, and a photometer has been 
constructed depending on this reaction. 

Reducing agents produce a white precipitate of calomel when 
added to mercuric chloride solution. The reduction may proceed 
further and produce metallic mercury. Stannous salts, arsenites, 
oxalic acid, etc., bring about these reductions : 

Sn++ + 2 Hg++ = Sn++++ + Hg2++ 

Sn++ + Hg2++ == Sn++++ + 2 Hg. 

2 HgCl 2 + C2H2O4 = 2CO2 + HggCl, + 2 HC 1 . 

Mercuric chloride forms a compound with ammonia, NHg . HgCl, 
which is known as mercuric aminochloride or mercuric chloro- 
amide, also as infusible white precipitate. 

HgCIa + NH3 = NH2 . HgCl + HCl. 

It is a white powder which volatilises on heating. A very large 
number of amino-halogen mercury compounds exist. The com- 
pound formed by the ammonia on Nessler’s solution {v. mercuric 
iodide) is one of these. 

456 . Mercuric Iodide Hgl2 is prepared by the action of potassium 
iodide on mercuric chloride, avoiding an excess of the former, 

Hg++ + 2I--H.Hgl2.| 

The precipitate is at first a beautiful salmon-pink, but later becomes 
a fine and brilliant scarlet. 
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Mercuric iodide exists in two forms, a red variety, stable below 
120"^, and a yellow form, stable above this temperature. If the 
yellow variety is prepared by heating the red variety and is then 
allowed to cool, it remains yellow until touched, when it instantly 
changes to the red modification. 

Mercuric iodide dissolves in potassium iodide solution to form a 
solution from which potassium mercuric iodide K2Hgl4 can be 
crystallised. An alkaline solution of the latter salt is known as 
Nessler’s solution and is distinguished by giving a yellow coloration 
or brown precipitate with the smallest traces of ammonia. This 
precipitate is oxydimercuri ammonium iodide (OHg2)NH2l. 

The solution of mercuric iodide in potassium iodide is employed 
in medicine as an antiseptic. It is more efficient than mercuric 
chloride and does not attack metal with deposition of mercury as 
does the former. 

457. Detection and Estimation of Mercury.— The best tests for 
mercury depend on the separation of the metal. Thus, if a piece of 
copper foil is boiled with a solution of a mercury salt a layer of 
mercury, which becomes bright and silvery when rubbed, is deposited 
on it. Gentle heating in a bulb-tube volatilises the mercury, which 
condenses on the walls of the tube as a sublimate of bright globules. 

All mercury compounds, when heated with sodium carbonate, 
yield the metal, and the heating of a mixture of an excess of the 
latter salt with a suspected substance, affords a good test for 
mercury, 

2HgS + 2Na2C03 = 2Na2S + 2Hg + 2CO2 + 0^. 

Lime and iron filings both have a similar effect, 

2Hg2Cl2 + 2CaO = 2CaCl2 + 4Hg + Og 
Fe + HgS04 = FeS04 + Hg. 

Estimation , — ^The last process may be employed to estimate 
mercury by performing it in a crucible covered with a water-cooled 
and weighed silver plate. The mercury condenses upon the plate 
and its weight is thus determined. 



CHAPTER XIV 

BORON, ALUMINIUM AND THE METALS OF GROUP III. 


458. Group HI. of the Periodic Table. — Group III. of the Periodic 
table contains only two common elements, Boron and Aluminium. 
The complete group is now usually classified as below : — 


III. A. 

Scandium. 

Yttrium. 

Lanthanum. 
[Rare Eartlis.] 
Actinium. 


III. B. 
Boron. 
Aluminium. 

Gallium. 

Indium. 

Thallium. 


The question of whether boron and aluminium are to be clasified 
with scandium, yttrimn, lanthanum and actinium, or, on the other hand, 
with gallium, indium and thallium, has occasioned some difficulty. 
The most recent work indicates the above arrangement as the best. 

Scandium, yttrium and lanthanum can be shown on the grounds 
of spectra, etc., to have affinities to the transition elements. None 
the less a good case, on chemical grounds, could be made out for 
classifying gallium, etc., as transition elements and scandium, 
yttrium and lanthanum as normal elements. 

The conclusion has been reached that the elements boron, aluminium, 
gallium, indium, thallium have a structure characterised by the posses- 
sion of three valency electrons in the outeimost quantum group. 


Atomic 

Number. 

Element. 

Electrons in Orbits of 

li 

2 i 2 . 

HQQ 

4, 4, 4, 4* 

5, 5, 6 i 54 

61 6 , 

5 

Boron 

2 

2 1 





13 

Aluminium 

2 

2 6 

2 1 




31 

Gallium 

2 

2 6 

2 6 10 

2 1 



49 

Indium 

2 

2 6 

2 6 10 

2 6 10 

2 1 


81 

Thallium . 

2 

2 6 

2 6 10 

2 6 10 14 

2 6 10 

2 1 


A similar table for Group III. A is given in § 504a. 
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The elements of this group, boron and aluminium excluded, are 
all so rare that a general discussion of their properties is unnecessary. 
In general, it may be stated that the elements of the group are all 
trivalent (Group III. B shows lower valencies also), and with the 
exception of boron all the elements of the group are metallic in 
character. 

BORON B, 10-82 

459. History. — Borax has probably been known since the eighth 
century a.d., though the Greek word, ‘ Chrysocolla,* used in much 
earlier times, has sometimes been so translated. 

The element was discovered in 1808, being prepared by Gay-Lussac 
and Th<Snard, who heated boric oxide with potassium. 

460. Occurrence. — The element does not occur free but only as 
boric acid (g'.v.), and as borates including borax ^ sodium diborate, 
boracite, colemanite and pricite, all calcium borates ; ulexite, a 
double borate of sodium and calcium ; and as a few rare minerals. 

461. Preparation. — ^There were formerly considered to be two 
allotropic forms of boron, the amorphous and the crystalline. 

It is however now clear that these are compounds with aluminium, 
carbon, or magnesium. 

The so-called amorphous boron is best prepared from the oxide by 
the action of magnesium powder. The latter is mixed with a 
considerable excess of boric oxide and heated to bright redness. A 
vigorous reaction takes place and a mass is produced containing boric 
oxide, magnesium boride, magnesium borate and boron. 

B,0, + 3Mg = 2MgO + 2B 
(3Mg + 2B = MgaB,). 

Long and repeated boiling with, first, dilute and then strong hydro- 
chloric acid removes everything except the boron which, however, 
obstinately retains a little magnesium boride. On the commercial 
scale the product is heated in a vacuum in the electric furnace to 
1,200®, which leaves fairly pure boron. 

Crystalline boron of 99 per cent, purity has been made by passing 
condensed high-frequency sparks between electrodes of tungsten and 
molybdenum in an atmosphere of boron trichloride and hydrogen. 

462. Properties o! Boron. — ^The purest boron, made by the last 
method, has the appearance of a metalloid. It takes a good polish 
and then resembles a rather dark-tinted chromium. It is extremely 
hard. Its density is 3-3. It seems to be comparatively unreactive. 

“ Amorphous boron ” forms a chestnut-coloured powder of density 
2*45. Its melting point is high. 

Though unaffected by air or oxygen at ordinary temperatures, it 
bums brilliantly when heated in oxygen, forming boric oxide, 

4B -f 30, == 2B,0,. 
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In air, boron nitride BN is also formed. Oxidising agents, such as 
nitric acid, strong sulphuric acid, potassium nitrate, etc., oxidise 
boron to boric acid. 

With caustic alkalis hydrogen is evolved and a borate is produced. 

The so-called crystalline boron is an aluminium boridfe. It forms 
intensely hard, very refractive crystals, or sometimes blackish or 
reddish foliate masses. It is much less reactive than amorphous 
boron, being hardly affected by oxygen even at high temperatures. 
It is oxidised by fused caustic potash and by fused lead chromate. 

463. Atomic Weight of Boron. — The atomic weight of boron is evi- 
dently approximatcjly 1 1 as shown by the vapour densities of its volatile 
hydrides, chlorides, organic compounds, etc. Dulong and Petit’s law 
gives anomalous results. Since the equivalent is about 3*7 the element 
is tervalent. The tjxact determination has presented many difficulties. 
The change of weight when boron halides BClg, BBrg are converted 
into silver halides 3AgCl, 3AgBr, indicates a value close to 11*0 but 
probably a trifle less ; the best value is probably 10*82. 

There are two isotopes of atomic weight 10 and 11. 

464. Boron Compounds. — Boron is always tervalent in its com. 
pounds ; in its hydrides such as BgHg, it appears to be quadrivalent, 
but see § 472. 

Its compounds are, in general, those of a non-metal. Thus its 
oxide is acidic in character ; its chloride is a liquid hydrolysed by 
water. The only traces of metallic character are to be noticed in 
the formation of certain compounds with sulphur trioxide and 
phosphorus pentoxide {e,g,, boron phosphate B0(H2P04). These 
resemble salts in their formulse, but do not appear to have their 
characteristic properties. 

465. Boric Oxide B2O3 is obtained by burning boron as described 
above (§ 462). It is much more easily prepared by heating boric 
acid to redness, when a colourless glass remains. When heated, it 
softens gradually and, like all glasses, has no definite melting point. 
Boric oxide is an acidic oxide, combining with water to form boric 
acids. Ortho boric acid is the chief product, but a little metaboric 
acid may also be present, 

B2O3 + HgO = 2HBOjs 
HBO2 + HgO^HgBO.,. 

Boric oxide reacts with bases, forming borates, often brightly 
coloured (v. p. 380). 

CuO -}“ B2O3 = Cu(B 02)2. 

Being non-volatile, boric oxide will displace such acids as sulphuric 
acid, nitric acid, etc., from their salts at temperatures above c. 500® C. 

Fe 2 (S 04)8 + SBjOa = 2Fe(B02)8 + SSOaf 
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466. Boric Acids. — ^The following acids of boron are known, all 
derived from boron trioxide : — 

^OH 

Orthoboric acid, H3BO3, B — OH (B2O3.3H2O). 

\0H 

yOH 

Metabolic acid HBO2, B= 0 , (B2O3.H2O). 

P3?Toboric acid HeB409 (2B2O3.3H2O). 

Tetraboric acid, H2B4O,, OH, 2B2O3.H2O. 

Salts exist corresponding to all these and also to acids of formula) 

^ 4 ^ 6^11 ®'^^d H2B2QOig. 

Several hypohoric acids , e.g., H4B2O4, exist, derived directly or 
otherwise from the boron hydrides. They are reducing agents and 
rather unstable. 

487. Orthoboric Acid H 3 BO 3 . — Manufacture , — Boric acid is found 
free in the soffioni or steam jets of volcanic origin which issue from 
the ground in certain districts of Tuscany. The steam contains 
only minute quantities of boric acid, but by condensing it in basins 
of water built round the soffioni a sufficiently strong solution of boric 
acid is gradually obtained. 

A series of masonry basins are built round the steam jets and 
water is run first into the top one, then after twenty-four hours into 
the second, then into a third, fourth, and fifth. In this way it is 
successively exposed to the steam of four or five soffioni, and 
becomes gradually a stronger solution of boric acid. It is then 
further evaporated in flat lead pans, heated by the steam of such 
soffioni which are not suitable for use as above. The solution is 
finally allowed to cool and crystallise. It is recrystallised from 
water once or twice and is then pure orthoboric acid. 

Most of the world’s boric acid is now manufactured from native 
calcium borates found in South America and California. 

The calcium borate is ground to powder and treated with boiling 
water. Sulphur dioxide is passed through the solution and boric 
acid and calcium sulphite are formed. The latter remains in 
solution, 

CagBeOii + 2SO2 + OHjO = 2CaS03 + eHaBOj. 

The calcium sulphite dissolves in excess of sulphurous acid and the 
boric acid crystallises out. 

Orthoboric acid forms white monoclinic crystals, greasy to the 
touch, and with a pearly lustre. It decomposes when heated 
{v, infra). Boric acid is appreciably volatile in steam. Boric acid 
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is sparingly soluble in cold water but more freely in hot, 100 gms. of 
water dissolving 3*7 gms. of the acid at 12° C. and 28*1 gms. at 
99-5° C. 

Orthoboric acid is decomposed by heat, forming metaboric acid at 
100° C. and tetraboric acid at 160° C. 

H3BO3 = HBO2 + H2O 
4HBO2 = H2B4O7 + H2O. 

Stronger heating causes the acid to swell to a frothy mass and then 
melt to a glassy mass of boron trioxide, 

2H3BO3 = 3H2O + B2O3. 

Boric acid in solution is weakly acid to litmus, colouring it wine 
red. It colours yellow turmeric paper brown and alkalis blacken 
the brown stain, A brown coloration is also given to turmeric 
paper by alkalis, but the colour given by boric acid is not changed 
to yellow by dilute acids. 

It finds a use in medicine as an antiseptic dusting powder (boracic 
powder) and mixed with soft parafiin wax as ‘ boracic ointment.* It 
has been greatly used as a preservative, being tasteless and pro- 
bably harmless to adults. The Public Health Regulations of 1925 
have forbidden the use of all food preservatives. 

Boric acid is used in the making of certain glasses and glazes. Borate 
glazes are more fusible than silicate glazes, and have a higher co-efficient 
of expansion. This latter fact makes them useful for enamels which 
have to adhere to metals, the coefficients of expansion of which are, in 
general, greater than those of glassy substemces. 

468. Other Boric Acids. — Metaboric acid HBOj. — ^Metaboric acid is 
prepared by heating orthoboric acid to about 100® C. for some time. 
It is a white solid, stable below 200® C., at which temperature it begins 
to give off water. Like orthoboric acid it is a very weak acid. When 
it dissolves in water orthoboric acid is formed. 

HBOj + HjO = HsBO,. 

Pyrohoric Acid HgB 40 g. — Pyroboric acid is also formed by heating 
orthoboric acid. Sodium pyroborate is made by melting borax with 
sodium carbonate, 

NagB^O, -f 2Na2C03 = NaeB40g -f 2CO,. 

Pyroboric acid forms orthoboric acid when it is dissolved in water, 
HeB40, -f 3H2O « 4 H,BOa. 


469. Sodium Borates. — Sodium metaborate NaB02 . 4 H 2 O is 
known and may be prepared by the action of caustic soda on boric 
acid or borax, 

NaOH + HsBOg = NaBOg + 2H*0 
NaaB^O^ + 2NaOH = 4NaB02 + HjO. 

It forms needle-shaped crystals- 
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The most important boron compound is another borate of sodium 
— ^borax. 

470, Sodium Tetraborate,^ Borax Na 2 B 407 . — Preparation. — ^Borax 
is prepared commercially by recrystallising native borax or tinml 
found in certain dried-up lakes in North America and Northern 
India. It is dissolved in boiling water and so recrystallised. 

Borax is also prepared to a diminishing extent from Italian boric 
acid. The acid, after preliminary purification, is boiled with crude 
soda-ash, 

Na2C03 ”f* 4H3BO3 = Na2B407 -f- 6H2O -f- CO2, 

and the product crystallised and recrystallised. 

It is also prepared from calcium borate by double decomposition 
with sodium carbonate. Sodium tetraborate and metaborate, 

CagBeOii + 2Na2C03 = 2CaC03 + Na2B407 + 2NaB02, 
are formed. After the borax has crystallised out the liquor con- 
taining the sodium metaborate is treated with carbon dioxide and 
borax is formed, 

4NaB02 + COa = Na 2 B 407 + NagCOj. 

The residual sodium carbonate is used again in the first part of the 
process. 

Properties. — Borax exists in three forms : — 

(1) Borax glass ^ the anhydrous product produced by heating 
ordinary borax above its melting point until no more steam is 
evolved. It forms a colourless glass which absorbs moisture from 
the air and forms the decahydrate. 

(2) Ordimiry or Prismatic Borax. — ^This is the decahydrate, 
Na 2 B 407 . lOHgO. It forms large and colourless monoclinic crystals, 
which have a ‘ cooling ’ taste. Borax is sparingly soluble in cold 
water but quite soluble in hot. At 21-5® C. 100 gms. of water dis- 
solve 2*8 gms. of anhydrous borax, and at 100° 52*3 gms. 

When heated, borax loses water, first melting in its water of 
crystallisation, then swelling into a w^hite voluminous spongy mass 
of anhydrous borax, which then fuses to the colourless glass 
described above.' If traces of metallic oxides or salts be mixed with 
the borax, the borates of these metals are formed and dissolve in the 
fused borax, forming beads of ‘ borax glass ' of characteristic 
colours. This serves as a test for certain metals. 

The test is best performed by moistening a platinum wire and 
taking up a little borax upon it. This is heated in the Bunsen flame, 
keeping the bead of melted borax on the far side of the flame. It 

^ Also called * diborate ’ and * pyroborate.’ The nomenclature of these 
scids is still unsystematic. 
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IB better not to make a loop, as the bending and unbending necessary 
soon breaks the wire. When the bead is formed it wdll be colourless. 

It is moistened with a little of a solution 
of the substance to be examined or a few 
grains of the powdered substance may be 
attached to the moistened bead. On 
re-heating, the bead shows the charac- 
teristic colours given in the table below. 
The ‘ oxidising flame ’ is the exterior of 
the Bunsen flame (O), the reducing flame 
is the interior. Beads heated in the 
Fig. 95 .— ^10 borax reducing flame should be cooled in the 

cold reducing atmosphere of coal gas in 
the centre of the flame. 





Colour of Read in 

Metal in compound added 

Reducing Flame. 

Oxidising Flame. 


Hot. 

Cold. 

Hot. Cold. 

Copper • 

Colourless. 

Opaque, 
brown -red. 

Blue. Blue-green. 

Iron 

Bottle-green. 

Bottle-green. 

Brown-yellow. Yellow. 

Chromium 

Green. 

Green. 

Yellow. Yellowish- 

Manganese 

Amethyst. 

Violet. 

green. 

Colourless. Colourless. 

Cobalt 

Blue. 

Blue. 

Blue. Blue. 

Nickel 

Load, silver, and some 
easily reducible 

Grey. 

Grey. 

1 

Violet. Brownish. 

metals 

Greyish or blackish. 

Colourless. 


If a platinum wire is not available a glass rod is a very fair sub- 
stitute. 

(3) Octahedral borax Na 2 B 407 . 6 HjO is made by crystallising 
borax at about 60® C. It forms regular octahedra. 

Solutions of borax are weakly alkaline and can be titrated like 
sodium carbonate, using methyl orange as an indicator. 

Borax is decomposed by acids, boric acid being precipitated, 

Na 2 B 407 + 2HC1 + SHgO == 2NaCl + 4H8B08. 

Borax is used in a large number of trades. It is employed for 
making glazes containing borates for tiles and pottery (p. 462). It 
is also used for making enamels ; as a flux for soldering and weld- 
ing ; as a cleaning agent in laundry and soap-making ; for curing 
hams ; for glazing paper, playing cards, linen, etc. This type of 
glaze« of course, has nothing to do with the glazes obtained by ^ 
fusion on pottery, etc. 
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471 . Sodium Perborate is the salt of an acid, HBO3, which is not 
known in the free state. The salt is prepared by the action of sodium 
peroxide on boric acid, suspended in cold water. A salt, ‘ perborax,* 
crystallises out on standing, and this, when treated with a dilute acid, 
gives a precipitate of sodium perborate, NaBOj . 4 HaO. 

NajOj H- 4H3BO3 = Na2B408 + 6HaO 
NaaB^Og + HCl + 4H2O = NaBOa + NaCl + SHaBOs. 

Sodium perborate is a strong oxidising agent, behaving in solution 
like a mixture of borate and hydrogen peroxide. It is used as a cleanser, 
having the alkaline properties of borax and the bleaching power of 
hydrogen peroxide. 

472 . Boron Hydrides. — Numerous hydrides of boron exist and may 
be obtained by the action of acids upon magnesium boride. These 
include BjHg, B4H10, BgHig, B10H14, BgHg, BgHja* The chief product 
of the reaction is B4Hi0, which soon breaks up into BjHg, and hydrogen. 
The constitution of the hydride BaH^ is peculiar. The formula could 
be written as I. 


H H 

1 1 

H H 


H 

1 

H 

1 


H H 

H—B^B— H 

H • ii : B • H 

H, 

1 

B 

1 

= B 

or 

B : B 

ii H 

H H 

i 

1 

H 

1 

H 


H H 

I. 

II. 




III. 



if boron were tetravalent, but its place in the Periodic table and the 
formula) of its other compounds make us think it trivalent. Its 
structure has been formulated as II. (v, § 165 ), and in favour of this 
formula is the great instability of these compounds, to which two 
of the hydrogen atoms are linked, we suppose, by a single electron only. 
The formula can be written without postulating a single electron 
linkage if we suppose that one of the innermost pair of electrons is 
brought into the outer ring. This, however, seems unlikely. An alterna- 
tive formula is III., in which the hydride is considered to be an acid 
Ha . BaH4. Its apparent formation of an ammonium salt (NH4)aBaH4 
with licpiid ammonia confirms this. The question cannot, however, be 
regarded as decided. 

The hydrides of boron are for the most part very unstable gases, losing 
hydrogen even at a low temperature and having strong reducing powers. 

473 , Other Boron Compounds. — Boron nitride BN is a white amor- 
phous and inert powder, made by heating boron in an atmosphere of 
nitrogen. 

Boron sulphide BgSa forms white needles, melting at 310 ® C. It may 
be made by the action of sulphur on amorphous boron. 

Boron trifluoride BFj is a gas formed by the action of sulphuric acid 
and a fluoride on boron trioxide, 

CaFa + HaS 04 = CaS 04 + HjFa 
BjOg 4- SHgFa = 2BFg -f SHgO. 

It is a colourless fuming gas, which combines with water with great 
vigour, forming metaboric and hydrofluohoric acids, 

8BFg + 4 HgO « HgBgOg + 6HBF4. 
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ThQ latter acid forms stable borofluorides, such as IG 3 F 4 . In these 
boron is not pentavalent, the formula being 



Bormi trichloride BCI 3 is made by the action of chlorine on heated 
amorphous boron. The vapours are condensed in a well-cooled U-tube, 

It is a volatile, colourless, mobile, fuming liquid, boiling at 18*2° C. 

It is decomposed by water, forming boric and hydrochloric acids, 

BCI 3 4- 3 H 2 O = HgBOa + 3HC1. 

474. Detection o£ Boron. — Boron is nearly always found as boric 
acid or borate. If in any other state the action of hot concen- 
trated nitric acid will convert it into the former compounds. 

Boric acid and borates are recognised by their formation of a 
glass when heated, though they are not the only substances to do 
this. They are detected by heating the suspected substance 
with a little sulphuric acid, adding alcohol and setting fire to it. 
A green-edged flame due to ethyl borate indicates boron, which 
gives three lines in the green of the spectrum and one in the blue. 

Estimation . — Boric acid may be titrated with caustic soda, with 
phenol-phthalein as indicator if glycerol be present. Borax may 
be titrated with a mineral acid (p. 380). 

ALUMINIUM Al, 26*97 

475. History. — Certain compounds of the element, aluminium, 
have been known from the earliest times. Alum, potassium 
aluminium sulphate, was known to the Greeks and Romans, whale 
the crystallised oxide, ruby and sapphire, have been used from a 
remote period as gem stones. The existence of an ‘earth,' 
alumina, as distinct from lime, etc., was recognised in the eighteenth 
century, and the metal was prepared by Oersted and Wohler in 
1824 and 1827, probably in an impure state. Bunsen and Deville 
both obtained the metal by electrolysis of the fused chloride in 
1854. The modem electrol^ic process came into use in 1886 and 
has developed very rapidly. 

476. Occurrence. — ^Aluminium is found in very great quantities 
in the earth’s crust, being only less common than oxygen and 
silicon. Its commonest form is as silicate, associated with silicates 
of potassium, calcium, etc., in felspar, which is a constituent of most 
igneous rocks. 

Aluminium silicate gives the ‘ sticky ’ quality to clays. Other 
aluminium minerals include the oxide as bauxite, diaspore, corundum, 
ruby, sapphire, the sulphate associated with potassium sulphate in 
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alumstone^ the fluoride in cryolite, the double fluoride of sodium and 
aluminium. Numerous aluminates also occur, the most important 
of which are the spinels. Ordinaiy spinel is magnesium aluminate ; 
iron and manganese spinels also occur. 

The chief sources of the metal are bauxite and cryolite. 

477. Manufacture of Aluminium. 

Deville*8 Process . — ^Up to 1886, aluminium was made by the action of 
sodium on the double chloride of aluminium and sodium, 

AlCl, + 3Na = A1 + 3NaCL 

This process produced aluminium at about £1 a poimd, and was 
rendered obsolete by the electrolytic process. 

Electrolytic Process . — ^This process must be carried on where 
water power is available and electricity is cheap. The source 
of aluminium is the oxide which is found as bauxite. This mineral 
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Fig. 96. — ^Mcmufacture of aluminiunD by electrolysis. 


contains some considerable quantity of iron and silica, which must 
be removed before the aluminium is extracted. The usual process 
is to dissolve it in caustic soda solution under pressure. The 
iron oxide does not go into solution, but the alumina forms soluble 
sodium aluminate and the silica, sodium silicate. The sodium 
aluminate dissolves a considerable further quantity of alumina 
probably as a colloidal solution, 

(2 + w)Al,Oa + 2NaOH = 2NaA10a + wAlCOH), + HjO 

SoUd. Colloidal. 

This liquid is filtered through presses and the aluminium hydroxide 
present as colloidal solution is precipitated by addition of some of 
the previous batch of purified aluminium hydroxide. It is then 
filtered off, pressed, and heated to convert it into oxide. The liquid 
containing sodium aluminate is used to dissolve more bauxite. 
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The aluminium oxide, in the form of purified bauxite, is then added 
to a bath consisting of melted cryolite, i.e., sodium aluminium 
fluoride (p. 393), contained in a large electrolytic cell (Fig. 96), of 
which the anodes are carbon blocks and the cathode the graphite 
lining of the cells. The cryolite is electrolysed, 

AIF3 == A1 + 3F, 

the fluorine combining at once with the alumina present, 

2AI2O3 + 12F = 4AIF3 + 3O2, 

and thus restoring the aluminium fluoride decomposed. The 
aluminium collects at the bottom of the cell and is tapped off from 
time to time. 

478. Physical Properties. — ^Aluminium is a white metal. It has, 
when scraped, a brilliant lustre, which is soon dulled by formation of 
a thin layer of oxide. 

Aluminium melts at 659® C. Its density is 2-66 and it is the 
lightest metal which can be employed practically for machine parts, 
etc. It finds numerous uses, particularly in automobile and aero- 
plane engineering, where it is used for crank cases and other machine 
parts which are required to be light and strong without being 
particularly hard or heat-resistant. 

The specific heat of aluminium is 0*21, and its atomic heat is thus 
a little lower than would be predicted by Dulong and Petit’s law 
(0-21 X 27 = 5-67, v. § 63). 

Aluminium is a very good conductor of heat and electricity and 
weight for weight is a much better conductor than copper. 

The film of oxide w hich forms on the surface of the metal makes it 
very difficult to solder, and it is nearly always welded by means of 
the oxygen blowpipe or the electric arc. 

479. Chemical Properties. — Bright aluminium is at first oxidised 
rapidly, but the thin film of oxide produced has a very strong protec- 
tive action. Aluminium is therefore very little affected by oxygen. 
The metal, if heated sufficiently in a finely-divided condition, will 
bum with the production of much heat and brilliant light, 

4A1 + 3 O 2 == 2 AI 2 O 3 . 

Aluminium is attacked by chlorine, giving the chloride (g.v.)> 
bromine acts similarly, 

2A1 + 3 CI 2 = 2A1C18. 

Aluminium is not attacked by water unless the coating of oxide as 
prevented from forming. If aluminium is amalgamated by scraping 
it and rubbing it with mercury or mercurous nitrate it reacts easily 
and rapidly with water, decomposing it even in the cold. 

2A1 + 6 H 2 O = 2A1(0H), + 3 H 2 . 
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The halogen acids attack aluminium readily, forming hydrogen, 
2A1 + 6HCI = 2A]Clj + SHj, 

but nitric acid and sulphuric acid hardly affect it. Strong hot 
sulphunc acid reacts to some extent, giving sulphur dioxide and 
alumimum sulphate. 

.Muminium is readily attacked by alkalis, which form aluminates 
and hydrogen, 

2KOH + 2A1 + 2 H 2 O = 2 KAIO 2 + 3Hg. 

Aluminium vessels are therefore damaged by hot soda solution 



Fia. 97. — Welding by thermite. 


Aluminium displaces many metals from their salts, more especiaUy 
the chlorides. 

480. Aluminothermic Processes, — ^Aluminium has a remarkably 
vigorous reaction with oxygen compounds at high temperatures. 
On this fact is based the thermit method of preparing metals. If a 
mixture of the oxide of a metal (e.gr., ferric or chromic oxide) and 
coarse aluminium powder is placed in a resistant crucible and ignited 
by means of a piece of magnesium ribbon stuck into the mass, a 
violent reaction occurs, the temperature rising to a white heat. 
The metal is liberated and sinks to the bottom of the crucible, and 
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the aluminium oxide simultaneously produced fuses and then 
solidifies to an upper layer of hard slag. 

FegOg + 2A1 = AI 2 O 3 + 2Fe. 

The method is applied to the manufacture of chromium, manganese, 
tungsten, etc. (q.v., §§ 978, 1107). 

A mixture of aluminium powder and iron oxide, together with 
some steel as turnings or punchings, is known as thermite, and when 
fired as above produces liquid steel at a temperature of about 
2,500® C. It is used for welding machine parts, etc., in situ. A 
mould is built up round the parts (Fig. 97) and the thermite is 
placed in a crucible lined with magnesia and provided with a 
tapping plug. The thermite is fired, and by knocking out the 
plug the steel is allowed to run into the mould, where it melts the 
broken parts into a homogeneous mass of iron or steel. 

481. Uses and Alloys. — ^Aluminium is used for machine parts, as 
described above, and also for culinary apparatus — ^kettles, saucepans, 
etc., for which it is excellent, being light, a good conductor of heat 
and uncorroded by food acids. 

Aluminium alloys include aluminium bronze, containing from 3 to 
10 per cent, of the metal and 90 to 97 per cent, of copper. It is 
veiy tough and strong and little corroded by sea water. 

482. Atomic Weight of Aluminium. — ^Dulong and Petit’s law and the 
vapotu' density of the chloride above 1,000® C. and of certain organic 
compounds indicate an atomic weight of approximately 27. The 
equivalent is 9 and the valency therefore is 3. The exact atomic weight 
has been computed from the volume of hydrogen evolved when the 
metal is treated with acids or alkalis, and also from the weight of silver 
chloride or bromide formed from a given weight of aluminium chloride 
or bromide. The latter method is the most accurate. The best value 
is probably 26*97. 

488. Aluminium Oxides. — ^There is only one oxide of aluminium — 
alumina AlgOg. It occurs native as crystals, pure and colourless in 
corundum, coloured in sapphire, ruby and oriental topaz, which are 
valued as gems on account of their beauty of colour and hardness. 
An impure form of the oxide is known as emery. Alumina also 
occurs native in the hydrated state as the important mineral, 
bauxite. Aluminium oxide is prepared by heating aluminium 
hydroxide or, better, ammonium alum (§ 496). The commercial 
process of preparation from bauxite is described in § 477. As 
obtained by carefully heating the hydroxide, it is a soft white 
amorphous powder, easily soluble in acids, but after heating to 
redness it becomes very hard and practically insoluble in all acids. 

Alumina may be melted in the oxyhydrogen flame and it may be 
crystallised, forming crystals which, if pure, are identical with 
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corundum, and if coloured with traces of chromium or cobalt arc 
identical with rubies and sapphires. 

Vemeuil has devised an ingenioiis piece of apparatus, which is used 
for making these artificial gems. An inverted oxyhydrogen blow-pipe 
plays on a small rod of alumina, which serves as a support for the gem 
which is to be produced. Into the fiame is caused to fall finely- 
powdered alumina with a little chromium oxide. The particles melt 
at the very high temperature of the fiame and, sticking to the alumina 
rod, build up a pear-shaped ruby, consisting of a single crystal. The 
ruby is indistinguishable from the natural gem except in that its fiaws, 
if any, are curved rather than straight. 

Aluminium oxide is a very stable and unreactive substance. 
The oxide, after ignition, is dissolved only after prolonged boiling 
with hydrochloric acid. It is, however, dissolved by caustic alkalis, 
forming aluminates, 

AI 2 O 3 + 2K0H == 2 KAIO 2 + H 2 O. 

Aluminium oxide is not reduced to the metal by either hydrogen 
or carbon. The heat of conbustion of aluminium is so high that its 
compound with oxygen — alumina — ^is only reduced with great 
difficulty. 

484. Aluminium hydroxide probably exists as A1(0H)3, and also 
as AIO(OH). It is readily obtained as a gelatinous precipitate by 
the action of ammonia or other alkali on an aluminium salt, 
Al2(S04)a + 6 NH 4 OH = 2A1(0H)8 + 3(NH4)2S04. 

When freshly precipitated it readily dissolves in acids, forming 
aluminium salts, but after standing dissolves with difficulty. 

It dissolves in caustic soda (but not in ammonia), forming the 
aluminate, 

AIO(OH) + NaOH = NaAlOa + H^O. 

Aluminium hydroxide has a remarkable power of combining with 
organic colouring matters, forming coloured substances called 
‘ lakes.’ Thus, if a solution of cochineal in weak alkali is mixed 
with a solution of alum the precipitated aluminium hydroxide 
combines with the cochineal, forming the beautiful red ‘ lake ’ known 
as carmine and much used as a pigment. The property is also used 
in dyeing. Thus cotton may be soaked in a solution of aluminium 
acetate (or sodium aluminate) and, when impregnated with the salt, 
may be exposed to warmth and moisture, when aluminium hydroxide 
is formed by hydrolysis (§ 121). The cotton may then be dyed in 
such a dye as alizarin (madder), and a fine bright permanent red is 
obtained. If the cotton is not treated with an aluminium com- 
pound the dye does not adhere and may be wholly washed out 
again. Ferric salts and chromium salts may also be used in place 
of those of aluminium and produce difierent shades. 


002 
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486* Alnminates. — Sodium and potassium aluminates are prepared 
by the action of caustic alkalis on alumina as above. They are made 
on the large scale by heating bauxite with caustic alkali solution under 
pressure. They ai*e probably to be regarded as salts of the acid, 
A1(0H)3 . HgO or HA1(0H)4. Their formulie are commonly written 
NaAlOg and KAlOg. 

The aluminates of the alkalis are soluble in water. Tlieir solutions 
are easily hydrolysed and on dilution precipitate aluminium hydroxide, 

NaAlOa + 2HaO^Al(OH)3 + NaOH. 

Solutions of these salts are therefore strongly alkaline. Acids also 
precipitate the hydroxide, 

KAlOa -f Ha 4* H3O = Ka + AlCOH),. 

The aluminates are decomposed when boiled with anunonium 
chloride, aluminium hydroxide being precipitated, 

NaAlOa + NH 4 a + HaO = NaQ + NH, + Al(OH) 3 . 

Tlais fact utilised to distinguish aluminium from zinc in some systems 
of qualitative analysis, for zincates are not so decomposed. 

486. Salts of Aluminium. — ^Aluminium salts, in general, are 
colourless and non-poisonous. They are distinguished by their 
ready hydrolysis by water, aluminium in this respect showing a 
decided non-metallic character. Thus the chloride and sulphide 
behave in this respect like the compounds of a non-metal or metal- 
loid. 

Aluminium salts, in virtue of the trivalent ion, A1+++ which they 
produce, have a remarkable power of precipitating colloids. 

Aluminium hydroxide, being a very weak base, does not form 
stable salts with very weak acids. Thus aluminium carbonate does 
not exist. The chemistry of aluminium in general may be instruc- 
tively compared with that of arsenic or tetravalent tin, each the first 
metal or metalloid of a group. 

Solutions containing the aluminium ion display but few precipita- 
tion reactions. With alkalis and with salts which hydrolyse, form- 
ing some alkali (e.gr., sodium carbonate or sulphide), a precipitate of 
gelatinous aluminium hydroxide is produced, 

A 1 +++ 4 . 30H- = Al(OH)s, 

This precipitate is soluble in excess of caustic soda (§ 484) forming 
sodium aluminate. 

487. Aloininium Carbide AI 4 C 3 is made by heating a mixtiire of 
alumina and carbon to a very high temperature, 

2AI2O3 + 9 C = AI4C3 + 6CO. 

It forms a yellowish powder, which is decomposed by water or dilute 
acids, forming methane, 

AI4C3 + I2H3O = 4 Al(OH)a + 3OH4. 

Aluminium carbonate does not exist. 
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488. Aluminiam Silicates. — ^Aluminium silicate enters into the 
composition of numerous minerals. Among these may be men- 
tioned the felspars, which are minerals of great importance and 
form a part of most igneous rocks. 

Orthoclase, potash felspar, is KAlSiaOg (K 2 O . AI 2 O 3 . 6 Si 02 ). 
Albite is the corresponding sodium compound. 

The micas are double silicates of aluminium and another metal, 
usually magnesium or iron. 

Garnets are double silicates of a tri valent metal, often aluminium, 
and a divalent metal, such as calcium, magnesium or ferrous iron. 

The zeolites are hydrated double silicates of a metal and alumi- 
nium. The zeolite, sodium 'permutit^ Na 20 . AlgOg . 2 Si 02 . BHgO, 
is used in softening water. The native material is used by some 
manufacturers of water softeners, whilst others use an artificial 
product made by heating china clay, sodium carbonate and silica. 

489. Clays. — The term clay denotes certain earths which are 
highly plastic when wet and which, when heated to redness, lose 
their plasticity and are converted into a hard mass unaffected by 
water. 

Clay is not a single substance but consists of very fine particles of 
quartz, silica, felspar, mica, etc., resulting from the decomposition 
of certain igneous rocks such as granite, bound together by a sticky 
substance which appears to be hydrated aluminium silicate, 
AI 2 O 3 . 2 Si 02 . 2 H 2 O. Clays originally formed by the decomposi- 
tion of these rocks may either be found in their original position, as 
is china clay, or may be carried by water and deposited at a distance, 
as are brick-earth, etc. 

The value of clays in industry depends on their plasticity while 
moist, which enables them to be formed into complex shapes, and 
their subsequent hardening under the action of heat to a stony or 
glassy mass which is proof against the action of water. 

When moist clay is dried at 100 ° C. it loses most of its water and 
becomes hard and brittle. If this product is soaked in water it 
once more becomes soft and plastic. At about 600°-600° C. a 
further change takes place, combined water is driven off and a hard 
porous mass, which does not soften in water, is left. At temperatures 
above a red heat, 900°-l,000° C., most clays becomes less porous and 
more stony in consistence, and at temperatures between c. 1,400°~ 
1,850° C. they melt to a glassy mass. 

Kaolin or china clay is a white earthy substance, less plastic and sticky 
than most clays. It consists of aluminium silicate (AljOg . 2SiOa . 2HaO) 
with some quartz, sand and mica. These latter are commonly removed 
from it by washing. China clay is tised for the finer porcelains and 
earthenwcues and also for ‘ filling * white papers, etc. 
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Ball clay is a less pure material used for the manufacture of earthen- 
ware. 

Common clay contains more impurities, among which is usually iron 
oxide, which gives a red colour to the burnt material. It is used for the 
cheaper pottery, bricks, tiles, etc. 

Fireclay contains a good deal of silica, and very little iron. When 
fired it forms a material of high fusing point — 1,650° C. and upwards. 

490. Alaminiam Nitrate A1(N03)3.9H20, is a colourless crystalline 
salt extremely soluble in water. "V^en heated it decomposes in the 
same way as other nitrates (§ 750). 

491. Aluminium Sulphide AI2S3. — ^Aluminium sulphide is made by 
the reaction of aluminium and sulphur. It is at once decomposed 
by water, 

AI2S3 + 6H2O = 2A1(0H)3 + 3H2S, 
evolving hydrogen sulphide. It is therefore not precipitated from 
solutions of aluminium salts when these are treated with hydrogen 
sulphide — & fact of importance in qualitative analysis. When 
alkaline sulphides are added to aluminium salts the hydroxide is 
precipitated in place of the sulphide. 

492. Aluminium Sulphate Al2(S04)3 . 18H20. — This salt is found 
native in the form of an efflorescence and is called hair-salt or 
feather alum. 

It is made by the action of sulphuric acid on bauxite or on china 
clay, aluminium silicate, 

AlgSigOy + 3H2SO4 = Al2(S04)3 + 3H2O + 2SiOa. 

The clay is heated and then treated with the acid. 

The solid product is extracted with water in order to separate 
the aluminium sulphate from silica, unchanged clay, etc., and the 
solution so obtained is crystallised. 

Aluminium sulphate forms ill-defined crystals, containing no less 
than eighteen molecules of water of crystallisation. The commer- 
cial salt is not, however, fully hydrated. 

The salt is very soluble in water. 

When it is heated, water is at first lost and then at a red heat 
alumina and sulphur trioxide are produced, 

Al2(S04)3 - AI 2 O 3 + 3 SO 3 . 

Aluminium sulphate forms an important series of double salts 
known as the alums (§ 493). 

Aluminium sulphate has a remarkable power of precipitating 
colloids (§ 95), and is used in purifying sewage. It finds a use also 
in ‘ foam * fire extinguishers. These contain aluminium sulphate 
and a bicarbonate in separate receptacles. When they mix, a stable 
foam of bubbles of carbon dioxide is produced, 

Ala(S04)3 + GNaHCOa = 2A1(0H), + 3Na2S04 + CCO*, 
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the aluminium hydroxide formed causing the bubble walls to be 
stable. These extinguishers are effective for burning oils. Oils 
float on water but the light foam floats on burning oil and excludes 
the air. 

493. The Alums. — ^The name ‘ alums ’ is given to the members 
of a group of double salts which have the general formula, 

. W'\{SO,)^ . 24H2O, 

where M' is a monovalent metal or group of atoms (Li, K, Na, Rb, 
Cs, NH4, - N2H5, - NH3OH, Tl, but not Ag, Hg'. or Cu') and 
M'" a trivalent metal (Al, Cr, Fe'", Mn'", Co'", V'", Ti'", Ga, In, 
but not Bi, Tl or the rare earths) ; Se04" may replace SO4". 

Tlieir formulae are now usually written as those of complex salts 
M'[M'"(S04)2]12Ha0. This view of their structure receives some 
support from their crystal structure. 

Examples of alums are : — 

KA1(S04)2 . I2H2O . . Potash or common alum. 

NH4Fe(S04)2 . I2H2O . . Iron ammonium alum. 

RbCr(S04)2 . I2H2O . . Rubidium chrome alum. 

The alums all crystallise in the cubic system mth twenty-four 
molecules of water and form well-marked octahedra or cubes. The 
alums which do not contain aluminium are considered under the 
heading of the sulphate of the trivalent metal contained in them 
{V, §§ 1000, 1169). 

494. Potassium Aluminium Sulphate, Potash Alum, KA 1 (S 04 ) 2 . 
I2H2O. — This salt is occasionally found as an efliorescence. 
The alun de j>lume, found in the island of Melos, was known to the 
Romans and Greeks, who also prepared the salt from alumstone in 
much the same way as it is prepared to-day. 

Alum is made from alunite or alumstone, a mineral of the com- 
position K2SO4 . Al2(S04)3 . 4A1(0H)8, which occurs in Italy, Hungary, 
the Greek Archipelago, and other places. It is probably derived 
from felspars which have been subjected to the action of sulphurous 
volcanic gases. > 

The alunite is calcined and then treated with sulphuric acid. 
Some potassium sulphate is added and the alum is allowed to 
crystallise, 

K2SO4 . Al2(S04)8 + 4A1(0H)3 + 6H2SO4 = K2SO4 + 3Al2(S04)8 

+ I2H2O 

K2SO4 + Al2(S04)3 + 24H2O = 2 KA 1 (S 04)2 . I2H2O. 

Alum is also made from pyritic shale, which is a hardened clay, con- 
taining pyrites (FeSj). The oxidation of the latter yields ferrous 
sulphate and sulphuric acid, which converts the aluminium silicate of 
the clay into aluminium sulphate. The shale is roasted and extracted 
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with water. Potassium chloride is then added to the solution con- 
taining ferrous, ferric and aluminium sulphates. The reactions, 

FeSO* + 2 KCl;F^FeCla + K 2 SO 4 , 
and KaSO^ -f Al 2 (S 04)3 -h 24HaO = 2 KAl(S 04 )a . 12 HaO 

result in the crystallisation of alum, which is then recrysfcallised. 

Alum is also made commercially from aluminium sulphate prepared 
from bauxite. 

In the laboratory any of the alums may be made by mixing the 
requisite quantities of concentrated solutions of the two sulphates in 
question and, if need be, evaporating. The alum crystallises out. 

Alum forms colourless octahedra, which may be grown to great 
sizes. The crystals are neither efflorescent nor deliquescent. It 
has a peculiar and sweetish astringent taste. Alum is moderately 
soluble in cold water but very soluble in hot. 


Temperature °C. 

Oms. of potassium alum dissolved 
by 100 gms. water. 

0 

3-9 

20 

151 

40 

30-9 

60 

66*6 

80 

134*5 

100 

357*5 


When heated to 92*5° C. alum melts in its water of crystallisation. 
Further heating results in the loss of water, the anhydrous salt, 
known as burnt alum, remaining. Above a red heat the aluminium 
sulphate itself decomposes, leaving behind aluminium oxide (§§ 492, 
938). 

When treated with caustic soda or potash, aluminium hydroxide is 
precipitated and, on further addition of alkali, redissolves (§ 484). 
Ammonia precipitates alumina but does not redissolve the 
precipitate. 

Uses . — Alum is used as a mordant in dyeing (§ 484) and in leather 
manufacture. Its powder of precipitating colloidal substances gives 
it a minor use as a ‘ styptic ^ for stopping bleeding from small cuts, 
the blood from which it coagulates. This property is shared by the 
salts of all trivalent metals, notably ferric salts. 

495. Soda Alum Na 2 S 04 . Al 2 (S 04)3 . SdHaO much resembles potash 
alum and can bo made by mixing sodium sulphate solution saturated at 
45® C., with the requisite weight of aluminium sulphate contained in 
insufficient water to dissolve it. It is very soluble in water, which 
dissolves its owm weight of the salt. In other respects it resembles 
potadh alum. 

496. Ammonium Alum (NH 4 )aS 04 • Ala(S 04)8 • 24HaO is prepared by 
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mixing solutions of the sulphates of aluminium and ammonium. It 
resembles potash alum in most particulars. When strongly heated it 
leaves a residue of pure alumina, 

{NH4)2S04.Al2(S04)3.24H20= (NH4)jS04t + 2m 

AI2O3. 

Rubidium and ccesium alum't are very sparingly soluble in water (1*81 
and 0*49 gm./lOO gms. aq.) . They are therefore useful in purifying these 
elements. 

497. Aluminium Fluoride AIF 3 , in the form of sodium alumini- 
fluoride Na3AlF« (or AIF3 . 3NaF), occurs as the mineral cryolite, 
which is found in quantity only in one locality in Greenland. It 
finds a considerable use in the manufacture of aluminium (§ 477). 

498. Aluminium Chloride AI 2 CI 3 . — Aluminium chloride is pre- 
jiared in the anhydrous condition by passing a stream of chlorine or 
hydrogen chloride over heated aluminium contained in a wide tube. 
The volatile aluminium chloride may be condensed in a wide- 
mouthed bottle and stoppered as soon as the reaction is complete, 

2A1 + 301* = 2AICI3. 

On the commercial scale chlorine is passed over a mixture of alumina 
and carbon. A solution of the salt is made by the action of hydro- 
chloric acid on aluminium. When the solution is concentrated 
crystals of the dodecahydrate, AlgClg . I2H2O, are formed. The 
anhydrous salt is a white solid which sublimes below 200® C. Its 
vapour density at low temperatures indicates the formula, AI2CI3. 
l^'he structure of this compound presents difficulties. It may be a 
ring compound, 

or perhaps may be an 
autocomplex Al(AlClg). 

Both the anhydrous salt and the hydrate are veiy hygroscopic. 
The anhydrous salt fumes in air, owing to the formation of hydrogen 
chloride by its reaction with the moisture of the air. The salt when 
treated with water forms aluminium hydroxide and hydrogen 
chloride. A solution of the salt can only exist in presence of much 
free hydrochloric acid, 

AICI 3 + 3 H 2 O ^ A 1 ( 0 H )3 + 3HC1. 

Anhydrous aluminium chloride finds great use in the Friedel- 
Crafts condensation reactions which are much used in organic 
chemistry. 

499. Aluminium Bromide AlBr, is made by the direct action of 
bromine on aluminium. It resembles the chloride in most respects. 

500. Detection and Estimation of Aluminium. — ^Aluminium salts 
are distinguished by giving no precipitate with hydrogen sulphide 
in acid solution, while giving a white gelatinous precipitate of 
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aluminium hydroxide with ammonia in presence of ammonium 
chloride. This precipitate is soluble in caustic soda (§ 484). 

Aluminium is estimated by precipitating the hydroxide as above, 
filtering this off, igniting it and weighing it as the oxide. 

Zinc salts give somewhat similar reactions to the above, but zinc 
hydroxide is not precipitated in presence of ammonium chloride. 
Moreover, the solution of sodium aluminate gives a white precipitate of 
the hydroxide when boiled with ammonium chloride, which sodium 
zincate does not ; and sodium zincate gives a white precipitate of the 
sulphide with hydrogen sulphide, which the aluminate does not. 

GALLIUM Ga, 69-72 

601. Gallium and Its Compounds. — Gallium is an exceedingly rare 
element, the richest ores of which rarely contain more than *02 per cent. ; 
gormanite (§ 607) occasionally contains up to c. 0-6 per cent. It is 
found in commercial aluminium in a variable but very small proportion, 
and also in certain specimens of zinc blende. Its discovery was of 
particular interest, as Mendel^eff had previously predicted the discovery 
of an element, ‘ oka-aluminium,’ which would fill the gap then existing 
in the Periodic table immediately below aluminium. He predicted the 
properties of this element with remarkable accuracy. 

Gallium is a silver-white metal of very low melting point, 30*16° C. 
The metal remains permanently as a super-cooled liquid at ordinary 
temperatures if the solid is not brought into contact with it. It is not 
appreciably volatile even when heated to redness. 

In its chemical properties it resembles aluminium, being attacked by 
both acids and alkalis. 

Gallium is unlike aluminium in forming two series of salts, in which 
it is divalent and trivalent respectively. The former are strong reducing 
agents. The latter, which are the usual salts of gallium — if the term 
usual can be applied to an element so rare — much resemble the salts of 
aluminium. Thus the chloride, GaClj, is easily hydrolysed by water, 
and the sulphate forms alums, such as gallium ammonium alum, 
(NH4)2S04.Ga2{S04)3.24H30. 


INDIUM In. 114-76 

502. Indium and Its Compounds. — This element is, like gallium, 
excessively rare. It is found in the mineral cylindrite which contains 
up to 1 per cent., and also in some zinc blendes. 

Indium is a soft white metal of low melting point (155° C.). Its 
density is 7-28. Its spectrum contains two strong indigo-blue lines, 
which gave rise to the name indium. It is oxidised at a rod heat and 
bums with a blue flame. It is not attacked by alkalis but dissolves 
fairly readily in acids. 

Atomic Weight , — For some time indium was thought to be divalent 
on accotmt of its association with zinc. Its equivalent is 38-3, and 
there was a question whether the metal was divalent with atomic 
weight 76-6 or trivalent with atomic weight 114. Mendel^efl could 
only fit indium into the table if it were taken to be trivalent. Evidence 
drawn from Dulong and Petit’s law supported this view and gave a 

6*4 

value for the atomic weight of — — » 112. 

*067 
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Then an indium alum was prepared, showing the element to be 
trivalent, and finally the vapour density of three different chlorides was 
determined and the value 114 for the atomic weight was deduced. 

Indium forms three series of compounds, in which it is monovalent, 
divalent and trivalent respectively. In its true salts it is always 
trivalent. The trivalent sulphate forms alums with monovalent 
sulphates. Indium sulphide is precipitated by the action of hydrogen 
sulphide on neutral or feebly acid solutions of its salts, therein difEering 
from gallium or aluminium. 

THALLIUM Tl, 204-39 

508. The Element Thallium. — ^Thallium is much commoner than 
gallium or indium, but is none the less only found in a small proportion 
in the minerals which contain it. It was discovered in the deposits in 
the lead chambers of sulphuric acid works and was named from the 
green line in its spectrum {BaWos, thaUoa, a young shoot). Some difficulty 
in classifying thallium was at first experienced, for it resembles the 
alkali metals in some particulars and lead in others. Thallhun shows 
little resemblance, if any, to aluminium, but the Periodic table could 
not find.any space for it other than in this group. Mendel^efi pointed 
out that to compare thallium (atomic weight 204-0) with aluminium 
(atomic weight 27-0) was strictly analogous to comparing lead (207-2) 
with silicon (28), or mercury (200) with magnesium (24), and that no 
greater likenesses should be expected. 

Thallium is obtained from the dust deposited in the flues of the 
pyrites burners used in the manufacture of sulphuric acid. The 
separation of thallium from other metals depends on the fact that it is 
the only metal with a soluble carbonate and an insoluble chloride. 

Thallium is a bluish-white metal, soft and malleable like lead. Its 
melting-point is low, 302° C., and its density is high, 11-85. In these 
respects thallium has a remarkable resemblance to its neighbour in the 
Periodic table — lead. Thallium shows a strong green spectral line, and 
its compounds gives a strong and persistent green colour to the Bunsen 
flame. 

Thallium is oxidised only slowly by dry air at ordinary temperatures, 
but rapidly when heated. It decomposes water only at a red heat and 
reacts somewhat slowly with acids. It reacts rapidly with water 
containing air, giving the hydroxide, 

504. ThaUiam Compounds. — Thallium forms two series of compoimds, 
thallous and thallic, in which the element is monovalent and trivalent 
respectively. The monovalency of thallium and indium in certain of 
their compounds is due to the peculiar phenomenon of the inert pair of 
electrons. This is discussed in § 688. 

Thallous oxide TljO is a black powder, which combines with water, 
forming the hydroxide. 

TkaUoua hydroxide^ TlOH, is of great interest on account of its 
resemblance to the hydroxides of the alkali metals. It is made by the 
action of thallium turnings on water in presence of excess of oxygen, 
4T1 + O, 4* 2H*0 == 4T10H. 

Thallous hydroxide dissolves in water, forming a strongly alkaline 
solution, resembling in most respects a solution of caustic soda or 
barium hydroxide. 

ThaUic oxide TlgO«, is brown in colour. It resembles manganese 
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dioxide or lead peroxide in its propcities, giving thallous oxide and 
oxygen when heated to 800° C., thallous salts and oxygen with concen- 
trated sulphuric acid. 

Thallous salts . — The monovalent salts of thallium, TlCl, TI2SO4, etc., 
resemble salts of lead or silver rather than of the alkali metals. Thus 
thallous chloride, bromide and iodide are sparingly soluble in water, as 
also is the sulphate. Thallous sulphide TljS is black and insoluble like 
lead sulphide. 

Thallic salts resemble the compounds of aluminium in some respects. 
They are, however, not very stable and are oxidising agents. Thallic 
sulphate does not appear to form true alums but only double salts with 
alkali metals containing from three to eight molecules of water of 
crystallisation. There are, on the other hand, true thallous alums, in 
which the sulphate TI2SO4 takes the place usually taken by the sulphate 
of an alkali metal. 

Thallium compounds are poisonous, and the element therein again 
resembles its neighbours in the Periodic table — mercury and lead. 

504a: Structure of Elements of Group Ilia and Rare-earth Elements. — 
Scandium, yttrixim, lanthanum, and the rare-earth elements show a 
most remarkable resemblance. The structures of the rare-earth 
elements are further discussed in § 510, and, together with .those of 
scandium, yttrium, lanthanum and actinium are given in the table 
below. It will be seen that the two outermost quantum groups are 
identical in these and in the rare-earth elements, thus accounting for 
the close resemblance. Scandium, yttrium and lanthanum are often 
classed as rare-earth elements, but it is better to confine this term to 
the elements from cerimn to lutecium in which the 44 quantum sub- 
group is filled up to a maximum of 14 electrons. 

The table which follows shows the relationship of these elements. 


Atomic 


Electrons in Orbits of 

No. 

Blemeuti 

lx 

2x 

2t 


3, 

3. 

4, 

4, 

4a 

4* 

5x 


6, 

6x 

21 

Scandium 

2 

2 

6 

2 

6 

i 

2 
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Yttrium 

2 

2 

6 

2 

6 

10 

2 

6 

1 


2 
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Lanthanum . 

2 

2 

6 

2 

6 

10 

2 

6 

10 


2 

1 

6 

1 

2 

58 

Cerium 

2 

2 

6 

2 

6 

10 

2 

6 

10 

1 

2 

6 

2 

2 

59 

Praseodymium 

2 

2 

6 

2 

6 

10 

2 

6 

10 

2 

2 

6 

1 

2 

60 

Neodymium . 

2 

2 

6 

2 

6 

10 

2 

6 

10 

3 

2 

6 

1 

2 

61 

Illinium (?) . 

2 

2 

6 

2 

6 

10 

2 

6 

10 

4 

2 

6 

1 

2 

62 

Samarium 

2 

1 2 

6 

2 

6 

10 

2 

6 

10 

5 

2 

6 

1 

2 

63 j 

Europium 

2 

2 

6 

2 

6 

10 

2 

6 

10 

6 

2 

6 

1 

2 

64 1 

Gadolinium . 

2 

2 

6 

2 

6 

10 


6 

10 

7 

2 

6 

1 

2 

65 

Terbium 

2 

2 

6 

2 

6 

10 

2 

6 

10 

8 

2 

6 

1 

2 

66 

Dysprosium . 

2 

2 

6 

2 

6 

10 

2 

6 

10 

9 

2 

6 

1 

2 

67 

Holnodum 

2 

2 

6 

2 

6 

10 

2 

6 

10 

10 

2 

6 

1 

2 

68 

Erbium 

2 

2 

6 

2 

6 

10 

2 

6 

10 

11 

2 

6 

1 

2 

69 

Thulium 

2 

2 

6 

2 

6 

10 

2 

6 

10 

12 

2 

6 

1 

2 

70 

Ytterbium . 

2 

2 

6 

2 

6 

10 

2 

6 

10 

13 

2 

6 

1 

2 

71 

Lutecium 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

1 

2 
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SCANDIUM Sc, 46* 1 

605. Scandium and Its Compounds. — Scandium is found in many 
minerals, but only in the smallest traces. Some specimens of a mineral 
called wiikite, containing 1*17 per cent, of scandium oxide, was at one 
time available, but these are exhausted, and it is extracted from 
certain specimens of wolframite, impure tungsten trioxide, and also 
from a double silicate of scandium and yttrium, known as thorivertite. 
Scandium forms an oxide, Sc^O,, resembling alumina but more basic in 
character. It forms a series of trivalent salts, such as SCCI 3 , 802 ( 804 ) 3 , 
etc. The sulphate does not form alums. It resembles the rare-earth 
elements very closely. 

YTTRIUM Y, 88*92 

606. Yttrium and Itf Compoundc. — ^Yttrium is often classed with the 
rare-earth metals, which it much resembles, although it is definitely not 
a member of the group of raro-earths, which is now taken to include only 
those fourteen elements between and including cerium and ytterbium 
(atomic Nos. 68-71). Its properties are not very well known. 

The properties of its compounds appear to resemble those of the rare- 
earths (§§ 609-617) very closely. 

LANTHANUM La, 138*92 

607. Lanthanum and Its Compounds. — Lanthanum, like yttrium, is 
associated in nature with the rare-earth metals and resembles them 
closely. In general, its properties may be taken as those of a typical 
rare-earth (§§ 609-617). 

Lanthanum hydroxide is unusually basic and is slightly soluble in 
water, being comparable in its basic properties with calcium hydroxide, 

ACTINIUM Ac 

608. Actinium. — Neither actinium nor its salts have been prepared 
in a pure state. It is separated from certain radioactive minerals 
together with any rare-earth compounds present. Its radioactive 
properties give it a particular interest. It is further treated of in 
Chapter XXVI. 

THE RARE-EARTH ELEMENTS 

609. The Group of Rare-earth Elements. — ^Tlie remarkable group of 
rare-earth elements comprises, strictly speaking, the fourteen elements 
appearing between and including cerium and lutecium, viz., the 
elements cerium, praseodymium, neodymium, illinium, samarium, 
europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, 
ytterbium, lutecium. 

These rare-earth elements show a most remarkable similarity in 
chemical properties, a similarity so great that the separation of the pure 
compounds from the naturally occurring mixtures of rare-earths is one 
of the most difficult tasks the chemist has to attempt. 

610. Atomic Structure of Rare-earth Elements. — ^The peculiarly close 
resemblance of these elements is due to their all having the two outer 
layers of electrons, to which most of the chemical properties of an 
element are to be ascribed, identically the same. The only differences 
between these elements lie in their nuclei, differences in which do not 
affect ehemioal properties directly ; and in an inner layer of electrons 
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which is comparatively j*emote from the part of the atom by which 
chemical reactions, etc., are influenced. The electronic structures of 
these elements are given in § 604a. 

611. Occurrence. — The rare-earths occur in a large number of 
minerals, mostly very imcommon. The most important of these are : — 

Gerite. — Cerium silicate with the silicates of other rare-earths. 

Monazite, — ^Monazite is found in monazite sands, associated with 
numerous other minerals, and comes for the most part from Brazil, and 
Travancore in India. It has a commercial value on accoimt of the 
thorium it contains. Monazite is a mixture of the phosphates of 
cerium, thorium, lanthanum, yttrium and other rare-earths, iron, 
aluminium, etc. 

Many other rare-earth minerals exist. 

512. Separation of the Rare-earths. — The process of separating the 
pure compounds of these rare-earth elements from these complex 
mixtures is of great difficulty, and a great many ‘ new elements ’ have 
from time to time been separated which have turned out to be mixtures 
or to be identical with elements already discovered. Didymium, 
moaandrum, phillipium, decipiuniy^ dem&nium, lucium, Icosmium, 
neokosmium, glaukodymiurriy victoriurriy incogniteuniy neo-ytterbiumy 
aldeharaniuniy cassiopeium and celtium, are some of the elements which 
have been named and afterwards abandoned as mixtures or as elements 
already known. 

The difficulties of the chemist reached their climax when Crookes 
in 1886 annoxmced that he had examined the spectra given by certain 
rare-earth compounds when made luminous by bombardment with 
cathode rays. He had been able to obtain a number of different spectra 
from the products obtained by fractionating yttrium compoimds 
(cf. § 86), and concluded that yttrium, samarium and gadolinium 
were made up of some twelve meta-elements. It was shown, however, 
that the varying phosphorescent spectra of this kind were due to small 
traces of impurity, and the theory was abandoned. 

The systematisation of the Periodic table by Moseley’s direct deter-, 
minations of atomic number and Bohr’s theories of the atomic structure 
limited the number of possible rare elements to 14 ; for lanthanum had 
atomic number 67, and lutecium had atomic number 72, and the other 
rare-earths lay in the plaees between these. It may be stated now with 
reasonable certainty that all the rare-earths are known and are those 
in the list given in § 504a. The discovery of illinium is now regarded 
as being illusory, but although there is now no claimant for the atomic 
number 61, we know that there is only one place to fill. 

It is beyond the scope of this work to discuss the separation of the 
pure rare-earth elements. The methods used depend on the differences 
in solubility of certain salts, and on the ease with which certain elements 
can be precipitated as hydroxides by ammonia, leaving others in 
solution. 

GENERAL BEHAVIOUR OF THE RARE-EARTHS 

The rare-earths are best discussed as a group in a work of this 
character. 

518. Preparation of the Metals. — The rare-earth metals may be made 
^ Aptly named from decipio, I deceive. 
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by the aluminothermic method, by electrolysis of the fused chlorides 
or by heating the latter with potassium. 

An alloy of cerium, lanthanum, praseodymium, neodymium, etc., is 
made from thorium residues (p. 488) and is known as mischmctalL It 
finds a use in place of aluminium for the preparation of many elements 
by the reduction of their oxides. The rare-earth metals are for the most 
part fairly fusible (600-860° C.). They are moderately dense (6-8). 
They burn vigorously in air or oxygen and are very reactive. They 
decompose water at 100° C. and are readily attacked by acids, 

614. Hydrides of Rare-earths, MHg. — The rare earths combine 
directly with hydrogen, forming solid hydrides which are comparatively 
stable. 

515. Oxides o! Rare-earth Metals, M2O3. — These oxides arc the 
‘ earths * themselves. They are made by all the ordinary methods for 
preparing basic oxides. The oxides are very stable, being reduced to 
metal with the greatest difficulty. 

516. General Properties of Salts of Rare-earth Metals. — The salts of the 
rare-earths, like those of other transition elements, are generally 
coloured, and so possess absorption bands in the spectrum of light 
transmitted by them or their solutions. These absorption spectra are 
often very complex and, in mixtures, interfere with one another ; none 
the loss, they afford a valuable means of distinguishing the rare-earth 
elements. The flame spectra are peculiar in character and give little 
assistance. The phosphorescence spectra have been alluded to above 
and form a valuable means of distinguishing rare-earths. Thus 
dysprosium gives a yellow band in the spectrum, samarium orange, 
terbium green, etc. 

517. Hydroxides of Rare-earth Metals, M(OH)3. — These are precipi- 
tated by alkalis from solutions of the corresponding salts. They form 
gelatinous precipitates. They are more basic than most hydroxides, 
absorbing carbon dioxide from the air. 

518. Sulphides of Rare-earth Metals, M2S3. — Like aluminium sulphide 
Xhese are decomposed by water and are not formed by the action of 
hydrogen sulphide on the salts of the metals. 

519. Sulphates of Rare-earth Metals, M2( 804 ) 3 . — These are made by 
the usual methods. They do not form alums with alkali metals though 
they form other double salts. The hydrated sulphates are rather 
sparingly soluble and are remarkable as having retrograde solubility 
curves. 

580. Nitrates of Rare-earth Metals, M(N03)3. — These are obtained by 
the usual methods and form readily soluble crystalline hydrates. 

They form numerous double salts. Careful heating of the nitrates 
decomposes some to oxide more easily than others, and this method of 
separating the rare-earth elements has been found valuable. 

521. Carbonates of Rare-earth Metals, M8(C03)3. — These carbonates 
are the only carbonates of trivalent metals which are stable. 

522. Uses of the Rare-earth Elements. — Cerium oxide is used in gas- 
mantles (§ 669). Cerium-iron alloys, mischmetall, and other alloys of 
rare-earth metals are used in the so-called flints of petrol-lighters, etc. 
Several of the rare-earth compounds have been used for tinting 
porcelain, and cerium compounds have been used medicinally. The 
tetravalent ceric compounds are useful oxidising agents. 
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528. Carbon as a Member of Group IV. B. — Carbon is classed in 
the Periodic table with silicon, germanium, tin and lead. It bears 
a greater resemblance to silicon than to any other element, but the 
resemblance resides rather in the formulae of the compounds than in 
a likeness in their properties. To tin and lead carbon bears still 
less resemblance. Carbon is, in fact, treated by itself, and the 
study of its compounds forms a separate department of chemistry, 
known as Organic Chemistry. 

The chief points of resemblance between the elements of this 
group are summarised below : — 

(1) The elements of the group are in certain compounds quadri- 
valent. 

(2) They each form an acidic oxide of the formula MOj. 

(3) They each form a chloride, MCI4. 

The properties of the five elements of Group IV. B show a most 
interesting and marked gradation of properties as we pass from 
carbon to lead, but the likeness between the properties of the highest 
and lowest members is much slighter than is found in the groups 
which we have already discussed (I.-III.). The properties of the 
group, as a whole, are further discussed in Chapter XVI. 

524. Unique Position of Carbon among the Elements. — ^The 
extraordinary number, variety and complexity of the carbon com- 
pounds, studied under the department of chemistry known as 
Organic Chemistry, marks this element off from all others. There 
are three notable reasons for this peculiar behaviour of carbon. In 
the first place, carbon can form a remarkably strong chemical link- 
age with itself. Such chains of atoms as — 0 — 0 — or S — S — S — , 
— N==N— are notably unstable, but stable compounds containing 
chains of carbon atoms up to 60 in number have been made. This 
allows of the building up of very complex molecules. In the second 
place, a carbon atom in combination has a fully shared octet of 
electrons and cannot gain more by co-ordination or any other means. 
Thus carbon tetrachloride and ethane have no unoccupied electrons 

Ci H H 

a:c;a h:c:c:h 
a H H 
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and therefore are stable substances and less ready to react than 
others of their class. In contrast are the corresponding compounds 
of nitrogen, ammonia and nitrogen chloride. 

Jf 9} 

H : N : and Cl : N : 

H Cl 

These compounds have pairs of unoccupied electrons and so can 
readily form molecular or co-ordinate linkages, which are often the 
prelude to chemical attack. Silicon compounds differ from those 
of carbon in that silicon has an octet of electrons which can, unlike 
that of carbon, expand by co-ordination and so form molecular or 
co-ordinate compounds (cf. § 571). 

Finally, carbon forms compounds of about equal stability with a 
large number of elements, and consequently forms an enormous 
variety of stable compounds. 

525. Sources of Carbon. — ^Pure carbon is found in crystalline 
form as diamond and borty and also as graphite. Coal contains, but 
does not consist of, free carbon, as is explained below. In the com- 
bined form carbon is found in vast quantities as carbonates ; 
calcium carbonate {q.v,, § 365) in particular, forming a considerable 
part of the earth’s crust. The carbon dioxide in the air provides a 
source of carbon for plants and thus indirectly for animals. Finally, 
organic matter of all kinds and the products of plants and animals 
in general contain carbon. Mineral oil, asphalt and bitumen, which 
may be the products of animal or plant life in past ages, also contain 
a high percentage of this element. 

526. Allotropy of Carbon. — Carbon exists in two allotropic forms — 

(a) Diamond. (6) Graphite. 

Until recent years a third form, amorphous carbon, was included. 
Some authors have taken the view that there is a truly amorphous 
carbon and that coke, charcoal, lamp-black, etc., are mixtures of this 
with more or less graphite ; but recent researches have shown that 
the varieties of carbon (coke, lamp-black, charcoal, etc.) included 
under that heading, differ only from graphite in their purity, their 
size and shape of the particles and their porosity. _ Their intimate 
structure as revealed by X-ray methods definitely shows their 
identity with graphite. The peculiar properties of amorphous 
carbon are apparently due to surface effects and to the presence of 
hydrocarbon impurities. Diamond and graphite, moreover, are the 
only forms of carbon with definite fixed and invariable properties. 

The two definite allotropes, diamond and graphite, will co-exist 
indefinitely without change, but it appears that graphite is the 
stable form below 1,100° C., and below 8,000 atmospheres pressure. 

Thus diamond becomes converted into graphite when heated at 
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ordinary pressures, and carbon when deposited from a solvent, such 
as melted iron, is deposited at ordinary pressures as graphite. The 
heats of combustion of the two forms indicate that graphite is the 
stable form, for its heat of combusiton (94-27 cal./gm. atom) is less 
than that of diamond (94-43 cal./gm. atom). Graphite has there- 
fore less chemical energy and is the more stable form. 

627, The Diamond. — The diamond, most famous and valuable 
of gems, owes its popularity to its hardness and its high refractive 
index, properties which render it imperishable and lustrous. Its 
rarity and the guarantee of wealth provided by its possession adds 
to its desirability. In the past diamonds have been exceedingly 
rare, but to-day the high price of the gems is due to the strenuous 
efforts of the mining companies to restrict output. Quite apart 
from its beauty, the diamond has industrial uses, in particular for the 
manufacture of diamond drills for rock-boring, which may cost 
£2,000 each, and for such purposes as glass-cutting, gem engraving, 
etc. 

Diamonds are found in alluvial deposits, as in Brazil, but their 
chief source is in the so-called ‘ pipes ’ of South Africa. These 
‘ pipes * are apparently the shafts of ancient volcanoes, and are 
filled with a peculiar type of rock, known as ‘ blue ground.* This 
is hard when excavated, but when left to weather, falls to powder. 
The diamonds are separated first by hand-picking and then by 
washing the clayey weathered blue ground over boards coated with 
grease. The diamonds adhere to the grease, and the clay, etc., passes 
on with the water. Artificial diamonds have proved unexpectedly 
difficult to make. Crystals of an element may be made, as a rule, by 
deposition from a solution (cf. sulphur), by gradual freezing of the 
melted element or by sublimation. Carbon has only recently been 
melted, and it solidifies to pure graphite and not diamond. At very 
high temperatures it sublimes below its melting point. The vapour 
of carbon, moreover, condenses as ‘ amorphous carbon,* and not 
as diamond. ; Carbon does not dissolve in any of the usual solvents, 
but it is found to dissolve to an appreciable extent in molten iron. 
Cooling of molten iron normally deposits graphite only. The 
occurrence of diamonds in volcanic shafts suggested the idea that, 
if the carbon were deposited from molten iron under high enough 
conditions of temperature and pressure, diamond would be formed 
instead of graphite. There appears to be evidence that the cata- 
lytic agency of iron is necessary for its formation and that heat and 
pressure alone do not suffice. 

Moissan, in 1896, was the first to prepare artificial diamonds. 
Moissan placed pure iron and sugar charcoal in a carbon crucible, 
which fitted into a recess in the large electric arc furnace shown in 
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Fig. 98. The iron was heated in the flame of the arc until it boiled 
violently, reaching a temperature of about 2,000® C., and at this 
high temperature it dissolved a good deal of carbon. The crucible 
and boiling iron were then taken out and plunged into cold water or, 
better, into melted lead — a far better conductor of heat. The rapid 
cooling solidified a surface skin of iron and the contraction of this 
exerted an intense pressure on the melted iron within. The carbon 
crystallising under these conditions assumed the form of minute 
diamonds (Fig. 99), which 
were recovered by dissolving 
away the iron with an acid. 

The diamonds in no case 
exceeded | mm. in length. 

The diamond forms trans- 
parent crystals of octahedral 
form. Simple octahedra are 
rare, for the usual figure is one 
derived from the octahedron 
and has either twenty-four 
or forty-eight faces (Fig. 39), 

which shape makes the native pm, gg.—M. Moissau’s electric furnace, 
diamond look very like a 

rounded pebble. The edges of the crystals are curved. The 
diamond is the hardest substance known. The refractive index of 
diamond (2*417) is considerably higher than that of any other solid, ^ 
and to this its resplendent lustre is to be attributed. The numerous 
total reflections in the anterior of the gem bring 
about the play of light which characterises it. 
internal structure of the diamond has been 
" investigated and it appears that the carbon 

jPjQ Diamonds of which it is composed are actually 

obtained by combined into a ‘ giant molecule.’ This theory 
helps to account for its high density and its 
thirty-three txmes. chemical inertness (§ 529a). 

The diamond is very resistant to chemical action. It bums, 
though with great difficulty and at a high temperature, forming 
carbon dioxide and leaving behind an almost negligible ash of mineral 
matter. The only chemical reagents which attack the diamond at 
the usual laboratory temperatures are fused sodium and potassium 
carbonates, which slowly convert it into carbon monoxide. 

Varieties of Diamond , — ^Diamond occurs associated with some 
graphite in the form of carbonado or bort. This mineral has the 
intense hardness of diamond, but presents a black and lustrous 
^ Glasses have refractive index e, 1*4-1 *7. 
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appearance. It can be used as a substitute for diamond in 
drills, etc. It has recently been shown that two modifications of 
diamond exist, differing slightly in physical properties. 

628. Graphite. — Graphite is found native in Siberia, Ceylon and 
the U.S.A. 

Graphite is made by subjecting amorphous carbon to intense 
heat. In the Acheson graphite furnace (Fig. 100) a rectangular 
fire-brick casing of considerable size is lined with coke dust, within 
which are packed either masses of coke or articles formed of amor- 
phous carbon which it is desired to convert into graphite. Large 
carbon electrodes are inserted in each end of the furnace and a 
current is passed sufficient to raise the contents of the furnace to a 
white heat. When the mass is allow^ed to cool, the amorphous 
carbon is found to be converted into graphite. 

Graphite is a dark grey substance of characteristic greasy feel and 
lustre. It crystallises in hexagonal plates, but commonly has a 


Fig. 100. — Acheson graphite furnace (plan). 

foliated structure somewhat like that of mica. Graphite is soft and 
an excellent lubricant, and from these properties its chief uses arise. 
The centres of ‘ lead ’ pencils are commonly composed of a mixture 
of graphite and clay. Graphite is used as a lubricant, mixed with 
various greases. 

Graphite is a fairly good conductor of electricity ; electrical 
apparatus is often composed of carbon ‘ graphitised * by heating 
it to a high temperature out of contact with air. Powdered 
graphite, ‘ black lead,’ is rubbed on plaster casts, etc., to make them 
sufficiently good conductors of electricity to be electroplated. 
Graphite is widely used for the brushes of small dynamos, since 
it is a good conductor and soft enough to shape itself to fit the 
revolving commutator. The electrodes used in electrolytic chemical 
processes are usually of graphite, the only cheap substance which 
is at once a good conductor and chemically inert. 

Graphite is chemically very inert, but not to the same extent 
as the diamond. It can be made to burn when heated to a high 
temperature, though only very slowly, and its resistance to heat 
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causes it to be used, together with fireclay, in making crucibles. It 
is not attacked at temperatures below 100° C., except by a mixture 
of potassium chlorate and nitric acid, which oxidises it to a peculiar 
compound — ^graphitic acid. At higher temperatures any reagent 
which liberates oxygen will attack it. Thus graphite is oxidised 
when heated with potassium nitrate, potassium chlorate, etc. 

529. Varieties of Graphite. ^ Amorphous ’ Carbon, — The term 
amorphous carbon is applied to a large number of materials, con- 
sisting of more or less pure carbon and not of any crystalline form 
visible to the naked eye, aided by the microscope. These varieties 
consist of impure graphite, as has been shown by X-ray examination 
of their intimate structure. They include charcoal, lamp-black, 
soot and coke, and coal is also usually considered to contain 
amorphous carbon. 

529a. Structures of Diamonds, Graphite and Charcoal. — The 

X-ray examination of these forms has enabled us to map out their 
structure with great certainty. 

Diamond has its atoms arranged in a series of interlacing hexagons. 
Every carbon atom is joined by a chemical linkage to four others. 
Thus, to volatilise, dissolve or attack diamond chemically, it is 
necessary to break the strong covalent linkages holding its atoms 
together. This accounts for its hardness ; and the intimate associa- 


o 



tion of the atoms (which share each other's electrons) accounts for 
their nearness and the consequent high density of the solid. 

Graphite on the other hand consists of sheets of carbon atoms 
joined by covalent linkages into planes. 

The individual planes are not, however, chemically linked as 
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shown by their distance from each other (carbon atoms in plane 
1*54 X 10~® cm. apart : individual planes 3*41 X 10'"® cm. apart). 
Graphite is therefore readily cleaved along the line of the planes 
which are themselves not readily split up, hence its foliaceous 
structure, softness and lubricating power. It is more readily 
attacked than diamond, because the edges of the planes are open to 
chemical attack. 

Charcoal and other forms of ‘ amorphous ’ carbon appear to have 
the graphite structure, but with the planes of carbon hexagons 
smaller and more irregularly disposed. They have therefore many 
more “ edge ” atoms linked only to two others and are more reactive 
than graphite. Chemical evidence (§ 530) as well as X-ray examina- 
tion reveals the hexagonal arrangement. 

530. Charcoal is perhaps the typical form of ‘ amorphous ’ 
carbon. Charcoal is produced when organic matter is heated to a 

high enough temperature to 
decompose it into volatile com- 
pounds and a residue containing 
carbon and any mineral matter 
contained in the original sub- 
stance. Very pure amorphous 
carbon may be made by heating 
sugar in this way. Steam and 
various tarry products, furfural, 
etc., are evolved and a black 
residue left. This carbon is then 
heated in a current of chlorine to 
remove traces of hydrogen. It is exceedingly difficult to remove the 
last traces of hydrogen, oxygen and moisture. The action of mag- 
nesium on carbon tetraiodide (dissolved in carbon disulphide) yields 
a very pure form of amorphous carbon, CI 4 + 2 Mg = C + 2 Mgl 2 . 

Ordinary charcoal is prepared by heating wood in the absence of 
sufficient air for its combustion. The simplest method of doing this 
on the large scale is to build a heap of logs radiating from a central 
shaft and to cover this with turf. The heap is lighted through one 
of the air holes at the base ; and by regulating the air supply, the 
heap is converted into charcoal with as little waste of wood as 
possible. The vapours evolved when wood is heated contain 
valuable products, notably acetic acid, acetone and methyl alcohol, 
and the distillation of wood is to-day a considerable industry. The 
wood is heated in retorts of various patterns, and the residue, after 
the distillation, consists of charcoal. The supply so obtained 
exceeds the demand and much of the charcoal is burned as fuel 
wherewith to distil more wood. 
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Charcoal is a black porous substance of very low apparent specific 
gravity. Since charcoal is very porous it has an enormous area of 
surface and exhibits surface effects in a remarkable degree. All 
substances retain a film of gas upon their surfaces, but the amount 
of gas so retained is very small. Charcoal, having an enormous 
surface, absorbs gases in a remarkable manner. Coconut-shell 
charcoal and that derived from very hard woods are peculiarly 
active. A piece of freshly prepared coconut charcoal will absorb 
176 times its volume of ammonia gas (at N.T.P.), 71 times its 
volume of carbon dioxide, and considerable proportions of other 
gases. The gases are evolved once more on heating. If the char- 
coal is cooled in liquid air it becomes still more efiScient, and charcoal 
so cooled is used in the production of very high vacua. 

The adsorption of gases by charcoal is made use of in gas masks. 
Ordinary charcoal adsorbs no great quantity of gas, probably 
because it has already adsorbed various hydrocarbons. Charcoal 
for adsorption is activated by heating it to 800°-l,000® C. in a 
current of steam, so decomposing or removing these hydrocarbons. 

In a similar fashion charcoal will adsorb sitbstances from solution. 
Animal charcoal derived from bones is very eflScient ; this charcoal 
consists of amorphous carbon mixed with the calcium phosphate of 
the bones in such a way as to expose a very large surface. If 
animal charcoal be boiled with a solution of litmus, port wine, tea 
or other liquid coloured by a complex organic substance, the liquid is 
decolorised, the dye being adsorbed by the charcoal. The process 
is enormously used in the decolorising of sugar-cane juice in the 
making of white sugar. 

Charcoal is the most reactive of the forms of carbon, and its 
activity is probably due to its enormous surface. It bums readily 
to carbon dioxide, 

C + O2 = CO„ 

some carbon monoxide (q.v,) being formed if the supply of air be 
deficient. It is a useful fuel in that it will smoulder for long periods 
under the coating of white ash it forms, and can, at a minute’s notice, 
be fanned to a bright glow. 

Charcoal reacts with many oxidising agents. With nitric acid it 
forms carbon dioxide, water and nitrogen peroxide, 

C + 4HNO3 = 2H2O + 4 NOa + CO2. 

With sulphuric acid carbon dioxide and sulphur dioxide and watei 
result, 

C + 2H8SO4 = COj + 2H2O + 2 SO,. 
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A curious side reaction is of interest. When charcoal reacts with 
sulphuric acid a small proportion of mellitic acid, Ce(COOH)j, is formed 
at the same time as the carbon dioxide and sulphur dioxide, 

12C + 9 H 2 SO 4 = Ce(COOH)e + OHjjO + 9SO,. 

Mellitic acid has the structure, 

COOH 

I 

HOO C C C OOH 

\ / \ / 
c c 

0 I 

c c 

/ \ / \ 

HOO C C C OOH 

I 

COOH 

and accordingly it appears probable that the carbon atoms in charcoal 
are combined into some such structure as 


c c 

\ / \ ✓ \^ 
c c c 

I I i 


Charcoal is a useful reducing agent at high temperatures. The 
oxides of most metals, heated wtth charcoal, are reduced to the 
metal with formation of carbon monoxide or dioxide, 

2CuO + 0 = 2Cu + CO 2 
FejOg + 3C == 2Fe + SCO. 

This is the primitive process for smelting metallic ores. Oxysalts, 
such as nitrates and sulphates, are reduced when heated with 
charcoal, the former with incandescence, the latter less easily. 
Thus barium sulphate heated strongly with charcoal is reduced to 
the sulphide 

BaS 04 + 4C = BaS + 4CO. 

531. Lamp-black is a finely divided form of amorphous carbon. 
It is made by burning various oils and collecting the soot produced 
on blankets suspended in the smoke. It forms a fine black impal- 
pable powder, containing a certain amount of greasy matter derived 
from the oil. It is used as a black pigment for paints, india ink, etc. 

532. Soot. — Soot is similar to lamp-black but contains also a good 
deal of mineral matter from the ash of coal and also tarry products 
and ammonium salts. It is the latter two substances that render 
it useful to gardeners as an insecticide and fertiliser, the carbon 
being inert. 

533. Coal. — ** Ordinary coal is a compact, stratified mass of 
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‘ mummified * plants (which have in part suffered arrested decay 
to varying degrees of completeness), free from all save a very low 
percentage of other matter/’ 

This definition applies to all types of coal, but ‘ cannel coal ’ 
contains also remains of minute animals, fish, etc. The source of 
the great coal-fields is the vegetable remains of great swamps, prob- 
ably formed by the blockage of sluggish watercourses by vegeta- 
tion, or more rarely, by the ddbria of primaeval forests carried down 
by rivers and deposited in deltas. Minor seams may have been 
formed in many other ways, from peat deposits, accumulations of 
dead leaves in primaeval forests, etc. 

That vegetable matter was the original source of coal has long 
been obvious from the common occurrence of fossil leaves, tree 
trunks, etc., in the mineral, while careful examination of coal with 
the microscope shows that coal is almost completely composed of 
plant remains in various stages of decomposition. 

At one time coal was regarded as a ‘ form of carbon,* but in fact 
it only contains a small proportion of free carbon. That this is the 
case is clear on several grounds : — 

(1) Coal is partly soluble (up to 30 to 40 per cent.) in pyridine and 
to a lesser extent in other solvents, while carbon is completely 
insoluble. 

(2) Coal yields a variety of volatile products when heated. These 
amount to some 30 per cent, of its weight. 

(3) Coal always contains a small percentage of combined hydro- 
gen. This amounts only to a few units per cent., but owing to the 
low atomic weight of hydrogen, this represents enough to form a 
high percentage of complex hydrocarbons and other organic com- 
pounds. Thus the white solid hydrocarbon anthracene contains 
only about 6 per cent, of hydrogen, while coal often contains as 
much as 6 per cent, of the element. 

(4) Coal is not homogeneous. Very thin sections of coal show 
bands of transparent yellowish and brownish materials interspersed 
with blackish bands and granules. 

Coals of many different types are distinguished. The chief of these 
are described below. 

Lignite or brown coal is a material intermediate in character between 
peat and coal. It is very moist as mined and is of poor heating power. 
Extensive deposits exist in Germany and the U.S.A., but not in this 
country. 

Bituminoiis coal is the commonest type of coal. It provides a large 
proportion of gas when heated and bums with a bright and long flame. 
The peculiar cannel coal is of this type. Some of the cannel coals 
consist almost wholly of spores and are so rich in hydrogen compoimds 
that when ignited they will bum like a candle (whence its name). 

AniihrcuMe is a very hard coal, containing but a small proportion 
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of volatile compounds. It bums without flame and produces little 
ash. 

Analyses of tj’pical specimens of these coals are given below. 
Naturally there are considerable variations in specimens from different 
sources. 



0 

H 

0 

N 

S 

Ash. 

Lignite (dry) 

60-76 

6 

20-35 

0-5-1-5 



5-15 

Bituminous coal . 

75-90 

4*6-6-6 

5-20 

1*5 

0-9 

7 

Anthracite . 

90-93 

3 

2-3 

0-5~l-5 

0*7 

3 


The analyses of varieties of coal given above show that as coal 
becomes less like the original peaty matter, the proportion of 
hydrogen in it diminishes and the proportion of carbon increases. 

The action of heat upon coal is discussed under the heading of 
coal gas (pp. 417-422). 

684. Coke is the product of the action of heat upon coal. It 
consists of a porous mass of carbon containing very little hydrogen, 
but retaining all the ash of the coal from which it was derived. 

Topical coke contains : — 

Carbon ...... 85-90 per cent. 

Volatile matter .... 0*5-2 „ 

Ash 8-11 „ 

It is much used in large scale chemical operations, such assmelting, 
on account of its cheapness. 

685. Atomic Weight of Carbon. — ^That carbon has an atomic 
weight of c. 12 is shown by the fact that there are never less than 
12 gms. of carbon in a gram-molecule of any of the organic compounds 
(many thousands in number) of which the molecular weight has been 
determined. Dulong and Petit’s law gives anomalous results at 
ordinary temperatures, as in the case of several other elements of low 
atomic weight. 

The exact determination of the atomic weight of carbon has been 
made by the chief methods. 

(1) Numerous investigators have brimed a known weight of diamond 
or graphite to carbon dioxide in a current of oxygen and found the 
weight of the carbon dioxide (absorbed in potash as in an organic 
combustion analysis). 

(2) An entirely different method was employed in 1916. Richards 
and Hoover neutralised an exactly known weight of sodium carbonate of 
the highest purity with hydrobromic aoid, forming sodium bromide, and 
precipitated and weighed the silver bromide obtained by addition of 
silver nitrate to the sodium bromide. They thus obtained the ratio 
NajCOa ; Ag, and the value 12*003 was the mean value obtained. 

(3) The atomic weight of carbon has been found by determining the 
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density of carbon monoxide, methane, etc., with great exactness. 
Modern determinations yield a value of about 12*000 to 12*009. 

The most probable value for the atomic weight of carbon is 12*004. 

636. Hydrides of Carbon. — The compounds of hydrogen and 
carbon number thousands, for almost every compound of these 
elements for which a formula can be written has an actual existence. 
These hydrocarbons are studied in Organic Chemistry, and it is our 
purpose here to study only three typical hydrocarbons, viz. : — 

Methane CH4 

Ethylene C2H4 

Acetylene ....... CgHg 

637. Methane CH4. Occurrence. — ^The gas, methane, occurs 
naturally as a constituent of ‘ natural gas ’ and ‘ firedamp,* and 
is also evolved from decomposing vegetable matter in ponds and 
marshes. 

Natural gas is associated with oil-deposits. Mineral oil is com- 
monly found in a geological formation consisting of an impervious 
dome which encloses a space containing gas, oil and water. The 
former is at high pressure and drives out the oil from a boring 
with great force. Natural gas is widely employed in the United 
States, where, in many districts, it is possible to supply it to towns 
which receive their fuel for lighting and power merely for the 
very low cost of collecting the gas. Natural gas is rapidly replacing 
coal-gas over wide areas, as methods of pumping it long distances 
are perfected. 

The decomposition of vegetable matter by certain bacteria 
produces methane. If the bottom of a pond be stirred with a stick 
gas bubbles often rise to the surface, and if these are collected in 
an inverted vessel they are found to bum with a pale flame and, 
in fact, to consist of methane. 

Firedamp . — Coal has been produced by the decomposition of 
vegetation under moist conditions, and it is commonly found to 
contain cavities which enclose methane under pressure. When the 
coal is mined, the methane or ‘ firedamp ’ may be heard to * sing ’ 
or whistle as it escapes from cracks in the coal. Since a mixture of 
6 per cent, of methane with air is explosive the use of naked lights in 
coal mines where much methane is found, at one time caused many 
fatal explosions. The invention of the safety lamp by Sir Humphry 
Davy was the means of preventing many of these. In the safety 
lamp the flame which provides the light is isolated from the sur- 
rounding atmosphere by copper gauze. The cooling effect of the 
copper is such that the flame of methane cannot traverse it and even 
if the methane bums within the lamp the flame cannot spread to the 
surrounding air. 
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If methane is present the flame of the lamp becomes enlarged 
and a detector for methane is based on this principle. It consists 
of a small oil flame which grows bigger in a methane-containing 
atmosphere by reason of the combustion of the methane-air mixture, 
which, though too dilute to bum alone, forms a pale mantle of 
flame where the oil flame keeps it burning. 

Methane is an important constituent of coal gas (q>v,). 

538. Preparation of Methane. — ^Methane is made by three chief 
methods : — 

(1) The simplest is the action of water on aluminium carbide — 
now an article of commerce. 


AI4C3 + I2H2O = 3CH4 + 4 A 1 ( 0 H) 3 . 

The gas may be purified by passing it through potassium permanga- 
nate solution to remove acetylene, etc., and then dried with sulphuric 
acid. 

(2) The action of alkalis upon an acetate furnishes methane. 
Equal weights of soda-lime and anhydrous (fused) sodium acetate 
are ground together and the mixture is heated in a hard glass test 
tube or, better, an iron retort or copper flask. The methane may be 
purified as above and, if so required, collected over water, 


CHal.COONa 

+H;ONa. 


CH4 + Na^COj. 


( 3 ) Methane is formed by the action of the zinc-copper couple on 
methyl iodide CHjI. The zinc-copper couple acts as a source of nascent 
hydrogen, 

CH,I -f 2 H = CH4 -f HI. 

539. Formulae of Hydrocarbon Gases. — ^The formula of methane, 
or indeed any other gaseous hydrocarbon, may be obtained by 
exploding a mixture of the gas with oxygen in a eudiometer 
(v. Fig. 67). Water and carbon dioxide are produced. The former 
condenses and causes a contraction of the gases on cooling, equal 
in extent to the volume of steam produced by the combustion. 
The carbon dioxide may then be completely absorbed by the 
addition of a little strong caustic potash solution through a bent 
pipette. 

Suppose that n c.c. of the hydrocarbon are mixed with a large 
excess of oxygen and exploded. Let a diminution of m c.c. be 
found to have taken place when the gases have cooled to their former 
temperature, and on adding potash let a further diminution of p c.c. 
result. We require the formula of the hydrocarbon. 

Let the formula of the hydrocarbon be 
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Then ® "I” 2 


1 voL 


a vols. 


vols. 


1 c.c. of the hydrocarbon disappears together with ^ c.c, 

of oxygen and in its place appear a c.c. carbon dioxide ; the water 
condenses and its volume is negligible. On adding potash the 
carbon dioxide (a c.c.) is absorbed. 

For every n c.c. hydrocarbon there is a diminution of 

n + — an c.c., and a further contraction on adding 

potash of an c.c. 

/. m = n ^1 + ^ and p = an. 
a = ^and6 = 4f^--l\ 

The formula is therefore \y l>y substituting actual 

it Vn-V 


experimental figures for n, m and jp, any such formula may be found. 

Methane is in this way proved to have the formula CH4. 

Physical Properties . — Methane is a colourless gas, without taste 
or smell. It is lighter than air, its density being 8 (Hg = 1). 
Methane is only slightly soluble in water (3*7 vols. per 100 vols. 
water at 15° C.), and is liquefied and solidified with difficulty 
(B.P. ~ 164° C., F.P. - 184° C.). 

Chemical Properties . — Pure methane burns with a pale and almost 
non-luminous flame, forming carbon dioxide ^nd water, 


CH4 + 2O2 = COg + 2H2O. 


Mixtures of air and methane are explosive when as little as 5 to 6 per 
cent, of methane is present. 

Methane is a remarkably stable substance, being attacked by veiy 
few reagents, and therein is in contrast to most hydrogen compounds. 
Chlorine attacks it, a mixture of the two gases burning to form 
hydrogen chloride and carbon, 


CH4 + 2Cla == C + 4HC1. 

If a mixture of chlorine and methane is exposed to sunlight various 
svhstUtUed compounds are formed. The formation of these should 
be contrasted with the additive compounds formed by ethylene and 
chlorine (§ 543). 
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CH, + CI2 = CH3CI +HC1 
CH3CI + CI2 = CH2CI2 + HCl 
CH2CI2 + CI2 = CHCI3 +HC1 
CHCI3 + CI2 = CCI4 + HCl 

The substances formed are known as methyl chloride, methylene 
chloride, chloroform and carbon tetrachloride, or as mono-, di-, 
tri- and tetra-chloromethane. 

Methane is unattacked by other chemical reagents, and it is this 
remarkable inertness which has given to the group of hydrocarbons, 
of which it is the chief representative, the name of paraffins — a name 
derived from the Latin pamm affinis, of little affinity. 

640. Ethylene C 2 H 4 . Occurrence and Preparation. — Ethylene is 
contained in natural gas (§ 537), of which, however, it forms but a 
very small proportion. 

Ethylene is prepared, as a rule, by the action of sulphuric acid on 



alcohol. The reactions involved are the formation and subsequent 
decomposition of ethyl hydrogen sulphate. 

C2H3OH + H2SO4 == C^H^.HSO^ + H,0 

CgHfi.HSO^ = C2H4 + H2SO4, 

or summarising, 

C2H3OH = C2H4 + HgO. 

Thirty cubic centimetres of alcohol are mixed with 100 c.c. concen- 
trated sulphuric acid in a 2 -litre flask and 26 gms. of anhydrous alumi- 
nium sulphate are added. This latter substance tends to prevent 
the frothing which otherwise is troublesome. On heating to 160® C. 
on a sand bath, ethylene is formed, together with a good deal of 
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sulphur dioxide, ether vapour, etc. Further gas is obtained by 
adding a mixture of equal volumes of alcohol and sulphuric acid 
from a dropping funnel. The gas may be purified by passage 
through strong potash and then may be collected over water. 

A much purer gas is produced by dropping alcohol into phos- 
phoric acid heated to 250® C. The reaction is. however, somewhat 
troubk\some to control. On the large scale, alcohol vapour is passed 
over heated phosphorus pentoxide. 

541. Physical Properties of Ethylene. — Ethylene is a colourless gas 

with a faint sweetish smell. It has recently been used as an 
anaesthetic in medical practice. The gas is of almost the same 
density as air (D == 14, = 1). It liquefies at — 102-7° C. under 

normal pressure. Ethylene is sparingly soluble in water. 

542. Formula and Structure. — ^The methods described in § 539 
show its formula to be C 2 H 4 . But since carbon is tetravalent we 
can only write this formula by assuming a double linkage to exist, as 
in formula A. 

A. B. 

I 

H— C— H H— C— H 

II I 

H— C— H H— C— H 

I 

There is a good deal of evidence that formula A represents its 
chemical behaviour more closely than does formula B, though most 
of this evidence belongs to the domain of organic chemistry. The 
physical meaning of the double bond is, presumably, that the two 
carbon atoms are linked by four electronic orbits in place of the 
usual two. A linkage of this type may be regarded as being stronger 
than a single bond, but not twice as strong. It appears to involve a 
condition of strain in the molecule and is therefore comparatively 
unstable and easily altered. Accordingly, we find that ethylene 
readily forms addition ^products as represented by the following 
general equation : — 

A 

I 

H— C— H H— C-H 

II + 2A = I 

H— 0— H H— C— H 

I 

A 

543. Chemical Properties of Ethylene. — Ethylene bums with a 
bright smoky Same, forming carbon dioxide and water, 

0,H« + 30, =. 200, + 2H,0. 
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It forms addition products with chlorine and bromine 
C2H4 + CI2 = CgH^Cla 
C2H4 + Br^ = CgH^Bra. 

The substance formed with chlorine is termed ethylene dichloride 
and is an oil. One of the first pro- 
perties noticed about ethylene was the 
fact that with chlorine it produced an 
‘ oil ’ — Whence its former name, olefiant gas. 
With hydrobromic acid ethyl bromide 
results, 

C 2 H 4 + HBr = CaHgBr. 
Oxidising agents, such as potassium 
permanganate, convert ethylene into 
Fig. 104. — Preparation of glycol, 

acetylene. C*H 4 + H*0 + 0 = C*H,(OH)*. 

Fuming sulphuric acid absorbs ethylene, converting it into ethyl 
hydrogen sulphate, 

CHj H CH3 

II + I =1 

CHj HSO4 CH2.HSO4. 

Ethylene then is a highly reactive substance, tending to form 
addition products, and is in strong contrast to methane, which is 
unreactive and tends to form substitution products. 

644. Acetylene C 2 H 2 . — ^The gas acetylene is readily prepared by 
the action of water upon calcium carbide, the manufacture of which 
is described in § 362. 

Calcium carbide reacts with water according to the equation, 
CaCg + 2H2O = Ca(OH )2 + CgHg. 



The apparatus illustrated in Fig. 104 may be used. The bottom of 
the flask is covered with a layer of sand, on which the calcium 
carbide rests. 

The gas as evolved contains phosphine and hydrogen sulphide 
derived from impurities in the coke used to make the carbide. 
These may be removed by washing the gas with acid copper sulphate 
solution. 

Acetylene is not, as a rule, stored in quantity, but is made as 
required for burning. Improvements in electric lighting have 
tended to diminish the use of acetylene for lighting. It is, however, 
much used for welding by the oxyacetylene blow-pipe, and for this 
purpose is required in cylinders. Acetylene cannot be stored under 
pressure, for its instability is such that it will explode as a result of 
shock, forming carbon and hydrogen. It can, however, be stored 
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in solution in acetone, which will absorb over a hundred times its 
volume under pressure, and this ‘ dissolved acetylene * is sold in 
cylinders and is a convenient source of the gas. 

Formvla . — The formula may be proved to be C 2 H 2 by the methods 
of § 539, and by analogy with ethylene the formula is written : 

H— C ^ C-H. 

Properties . — ^Acetylene is a colourless gas which, when pure, has 
a pleasant smell, but as ordinarily made has a garlic-like odour. It 
liquefies at — 81-5® C. at the ordinary pressure. Acetylene is only 
sparingly soluble in water but is readily soluble in acetone. 

Acetylene is an unstable compound, energy being evolved when 
it decomposes into carbon and hydrogen. 

C 2 H 2 = C 2 + Hg + 56 Cals. 

It is sufficient to pass it through a heated tube to decompose it, and 
the compressed gas explodes as a result of shock or even a loud 
noise. 

Acetylene ordinarily burns with an exceedingly smoky flame, but 
if a sufficient supply of air is provided the flame is exceedingly 
brilliant and is without smoke. The jets at which the gas is to be 
burned are constructed so as to produce a flat sheet of flame exposing 
a large surface to the air. 

» Acetylene forms additive compounds with chlorine, oxidising 
agents, sulphuric acid, etc., in much the same w^ay as does ethylene. 

With chlorine, the gas inflames spontaneously, giving carbon and 
hydrogen chloride : if the gases are diluted, acetylene tetrachloride 
(tetrachlorethane) is produced, 

C2H2 + 2CI2 = C2H2CI4. 



Cl 

C— H 

1 

Cl— C— H 

III + 2 Cl, 

= 1 

C— H 

Cl— C— H 

1 


1 

Cl 


Acetic acid is now made commercially from acetylene. Acetylene 
can be made to react with water in presence of mercuric sulphate as a 
catalyst. Acetaldehyde is formed, which can be oxidised to acetic acid, 
CjHj + HjO == C2H4O; 2CJH4O 4- O* = 2C2H40a. 

Acetylene forms, with the metals, a series of remarkable compoimds, 
of which the highly explosive cuprous acetylide is the best known. If 
acetylene be passed through an ammoniacal solution of copper sulphate 
a red precipitate of cuprous acetylide, CujCj.HjO, is produced. This 
when dry is highly explosive. 

The action of hydrochlorio acid upon this compound produces pure 
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acetylene, and this affords one of the best ways of obtaining small 
quantities of the pure gas. Mercury forms a similar acetylide. 

COAL-GAS 

646. The Gas Industry. — Coal-gas, which consists essentially of a 
mixture of hydrogen, methane, other hydrocarbons and carbon 
monoxide, is the gaseous product of the dry distillation of coal. 
The gas is mentioned by several eighteenth-century authors, and 
came into general use for lighting as a result of the efforts of William 
Murdoch and others about the last decade of the eighteenth century. 

The gas industry is to-day of the highest importance. It pro- 
vides the civilised world, not only with two of its chief sources of 
heating and power, coal-gas and coke, but also with ammonitim 
sulphate, representing a large part of its fertilisers, and a long list of 
other products, including motor spirit, the raw materials of almost 
all our drugs and dyes, pitch for road-making, ammonia and sulphur. 

Modem gas-making practice tends to specialise in the careful and 
complete separation of these by-products, and great modem gas- 
works, such for example as those which supply London, present a 
remarkable variety of chemical undertakings. 

The fuel gases which are employed in industry include coal-gas, 
water-gas, producer-gas, blast-furnace gas, and, where available, 
natural gas. These are all essentially mixtures of hydrogeni 
methane and carbon monoxide in various proportions. The 
analyses given below show their approximate compositions ; — 


Fubl Gasbs. 



H, 

Cll, 

other 

flydro- 

curboiiB, 

CO 

CO. 

N. 

Coal-gas ^ . . . 

46-60 

30-36 

4 

6- JO 

1 

8 

Blue water-gas 

46 

0*6 

— 

44 

4 

7 

Producer-gas . • 

6 

2 

— 

29 

2 

62 

Blast-furnace gas . 

4 

1 

— 

30 

10 

66 

Natural gas . 

3-30 

66-95 

traces. 


— 

traces. 


646. Coal-gas Manufacture. — Coal, as we have already seen 
(§ 633), is an exceedingly complex mixture, and when it is heated in 
absence of air an enormous variety of products are formed. The 
nature and quantity of thes^ products vary with the coal used, but 
they invariably consist of : — 

(1) A mixture of gases which do not condense on cooling, consist- 
ing substantially of hydrogen, methane and ethylene. 

* With no admixture of water-gas. 
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(2) A condensable liquid portion which separates into : — 

(а) a watery layer containing ammonia as free ammonia, 

ammonium sulphide, cyanide, thiocyanate and car- 
bonate, also pyridine and certain other organic bases. 

(б) A tarry layer insoluble in water and containing a vast num- 

ber of hydrocarbons, notably benzene CgHg, toluene 
C7H8, naphthalene CioHg, anthracene C14H10, and other 
compounds, such as phenol (or carbolic acid) C^Hg . OH, 
cresols C7H7 . OH, etc. 

(3) A non-volatile residue of coke consisting substantially of 
carbon and ash. 

If the coal is distilled at high temperatures above 700° C., as is 
usual, the proportion of gaseous products is greater and the propor- 
tion of liquids less than if distillation is conducted at 300°-400° C. 
(low-temperature carbonisation). The latter method is being deve- 
loped because it gives a better yield of the valuable benzene. The 
product left, too, differs from ordinary coke in being more readily 
inflammable, though like coke it is smokeless. 

647. The Retorts. — ^In the most modem gas-works distillation is 
conducted in large vertical retorts (R). These have the advantage 
over the older horizontal retorts that they admit of continuous 
working. The type of retort illustrated in Fig. 105 consists of a 
tapered conical fireclay shaft, at the top of which is a gas-tight coal 
hopper (H), into which coal is fed at intervals. The retorts are built 
into a firebrick setting in which producer-gas (§ 655), generated by 
a coke-furnace (F) and mixed with air admitted at inlets (I), burns, 
heating them to a high temperature (c. 1000° C.). The coal slowly 
passes down the retort and decomposes, giving off its various decom- 
position products, which pass as a heavy brownish smoke to the 
hydraulic main (HY). The coke is passed by a revolving Archi- 
medean screw (S), to a hopper from which it is periodically with- 
drawn. In many works steam is blown into the' base of the retort, 
decreasing the yield of coke and increasing that of gas by the 
reaction, 

C + H2O = CO + Hj,. 

648. Condensation. — The least volatile of the products of the coal 
condense in the wide pipe known as the hydraulic main, where 
the temperature falls to about 60° C. Tar and a fluid known as 
ammoniacal liquor (§§ 546 (2) (a), 690) condense here and are run off 
for separate treatment. The gas passes on for further treatment to 
the condensers proper, passing on the way through a tar extractor 
(T), which causes the droplets of tar, which form a fog, to settle out 
and leave the gas fairly clear. 

The condensers are of many types, but commonly consist of an 
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iron box through which pass many air tubes, thus exposing the 
gas within to a large cold surface. At this stage nearly all the 
benzene and naphthalene condense together with more ammoniacal 
liquor and some more tar. The cooled gas still contains some 
0*6 per cent, ammonia and about half as much hydrocyanic acid, 
1 to 2 per cent, of hydrogen sulphide and 1 to 3 per cent, of carbon 
dioxide, all of which are to be removed in the subsequent purification . 



Fig. 105. — Manufacture of coal-gas. 


549. Extraction of Ammonia. — The gas now passes to a pump 
known as an exhauster. This keeps the pressure in the retorts low 
thus preventing leakage, and impels the gas through the purification 
apparatus, which presents a considerable resistance. 

The gas is then further purified from tar fog and freed from the 
greater part of its ammonia in a washer. 

In the washer the gas bubbles repeatedly through water, in which 
the very soluble ammonia dissolves together with some hydrogen 
cyanide and sulphide. The water runs downvxird through the 
apparatus, so that the gas as it leaves the apparatus meets nearly 
fresh water which removes the ammonia very efl&ciently.^ The last 

^ At this stage the gases may be scrubbed with oil to remove traces of 
naphthalene, but this is not always done. 





Continuation of Fig. 105 (above : Gasometer). 

traces of ammonia are then removed by a scrubber. This consists 
of a tower packed with boards set edge-wise. Down this flows water 
while the gas passes up it. The liquors containing ammonia are 
collected and worked up for ammonium sulphate. 

650. Extraction of Cyanides. — The next stage is, as a rule, the removal 
and recovery of cyanides. The removal of cyanides may be done by 
numerous processes. A common process is to pass the gas through a 
washer containing ferrous sulphate solution and an alkali, the hydro- 
cyanic acid being converted into ferrocyanides. The alkali may be 
chspensed with if the extraction is performed before the ammonia is 
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removed, a double forrocyanido of iron and ammonium being produced 
and converted ultimately into sodium cyanide. 

2FeS04 + 2H2S + 4NH3 = 2 FeS + 2(NH4)aS04 
2 FeS 4 - 2NH3 + 6HCN = 2 HaS + (NH4)aFe[Fe(CN)«], 

(v. also § 241 ). 

651. Removal of Hydrogen Sulphide. — ^Hydrogen sulphide is 
ordinarily removed by passing the gas through moist hydrated 
ferric oxide (bog iron ore). This is laid in layers upon shelves in 
rectangular iron vessels. The gas passes upward through several 
layers of the material, and the hydrogen sulphide reacts with the 
iron oxide, forming ferric sulphide and water, 

I Fe203 . wUaO -f- 3H2S = Fe 2 S 3 *4 {ft 4 3 )Kr 2 ^» 

The ferric sulphide is allowed to accumulate until the absorption 
becomes inefficient. It is then spread out in the open air and kept 
moist and is thus oxidised to ferric oxide and sulphur, 

2Fe2S3 4 3 O 2 4 = 2Fe203nH20 4 6S. 

The mixture is then returned to the purifiers and alternately used 
and restored till it contains some 60 per cent, of sulphur, when it is 
sold to the sulphuric acid manufacturers to be burnt to sulphur 
dioxide. 

Carbon dioxide, hydrogen sulphide and carbon disulphide are 
occasionally all removed by the action of lime on the gas. The fii'st 
two foim the carbonate and sulphide respectively. The carbon 
distilphido probably forms calcium porthiocarbonate CaCS4. The 
process is but little used owing to the very objectionablo character of 
the residue. 

Carbon disulphide is now removed by passing the gas over a 
heated nickel catalyst. It is thus reduced by hydrogen to methane 
and hydrogen sulphide, which is then removed by means of ferric 
oxide. 

The gas now passes to the gas-holders whence it is passed into 
supply through meters to the town. 

Coal-gas is commonly mixed with a proportion of water-gas 
(§ 556) in order to lower its cost without diminishing its calorific 
power. 

Oxides ov Cabbon 

Carbon forms five oxides, namely : — 

Mellitic anhydride .... • ^1209 

Carbon suboxide C 3 O 2 

Carbon monoxide . ' . . . . CO 

Carbon dioxide COg 

An oxide of the formula CgOg has been described, and also several 
rather indefinite solid oxides. 
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552. Mellitic Anhydride CiaO^ is usually studied in Organic Chemistry. 
Its structure is 


co^ 

I 

CO C CO 

0 t I 

1 c 

> / V / \ 

CO C CO 

• xO 
co^ 


553. Carbon Snbozide is obtained by the action of phosphorus pent* 
oxide on malonic acid, 

/CO • OH yCO 

CH,( + 2 P 2 O 5 = C{ +4HP08. 

\CO • OH ^CO 


Carbon suboxide is a colourless volatile gas of suffocating odour, 
which condenses to a liquid boiling at 6® C. It decomposes when 
gently warmed. Carbon suboxide burns with a smoky blue flame, 
forming carbon dioxide. It is not a substance of any practical 
importance. 


554. Carbon Monoxide CO. Occurrence and Preparation. — 

Carbon monoxide is not found in nature. It is an important con- 
stituent of ordinary coal-gas, producer-gas and water-gas, and is 
found in the products of combustion of coal or coke where, as is 
usually the case, the supply of air is not sufficient for complete 
combustion. 

Carbon monoxide is prepared — 

(1) By the action of carbon dioxide on heated carbon. 

(2) By the removal of the elements of water from formic or 
oxalic acid. 

(3) By the action of sulphuric acid upon ferrocyanides. 

(4) By the action of steam on white-hot carbon. 

(1) A tube of combustion glass is packed with charcoal and heated 
to redness. A stream of carbon dioxide is passed through it and the 
issuing gases are washed with strong caustic soda or potash solution, 

CO 2 + C = 2CO. 

It is difficult to keep the charcoal sufficiently hot in the ordinary 
type of tube furnace. 

(2) A better method is the following : Thirty grams of oxalic acid 
are covered with concentrated sulphuric acid in a 500 c.c. flask, fitted 
with a safety tube, and connected to two wash-bottles containing 
concentrated caustic potash. On heating the mixture carbon 
monoxide and dioxide are evolved, the latter being absorbed by the 
potash, 

HaCaO,{+ H^SOJ = CO + CO* + (H*0 . HgSOJ. 

The gas is very conveniently made by the action of sulphuric 
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acid on sodium formate. Twenty-five grams of sodium formate are 
placed in a 500 c.c. flask, fitted with a thistle funnel and delivery 
tube leading to a pneumatic trough. On adding sulphuric acid, 
carbon monoxide comes off freely ; gentle heating may be needed in 
the later stages of the experiment, 

NaHCOa + H 2 SO 4 = NaHSO^ + HjjCO, 

H 2 CO 2 + H 2 SO 4 = HgO . H 2 SO 4 + CO. 

The gas may be collected over water or, if required dry, dried with 
any of the usual drying agents. 

(3) The action of strong sulphuric acid on potassium ferrocyanide 
also affords a convenient way of preparing the gas. The apparatus 
shown in Fig. 103 may be employed. Dilute acid must not be used, 
for under these conditions the very dangerous hydrocyanic (prussic) 
acid HCN is evolved. 

The equation, 

K 4 re(CN)e + 8 H 2 SO 4 + 6 H 2 O = 3 (NH 4 )oS 04 + 4 KHSO 4 + 
FeS04 + 6 CO, 

is commonly given, but the reaction is certainly more complex than 
it indicates. 

(4) The action of steam on heated carbon yields the gas. The 
process is discussed under Water-gas, § 556. 

666. Commercial Preparation. Producer-gas. — Producer-gas is 
essentially a mixture of carbon monoxide and nitrogen, made by 
blowing air through a layer of red-hot coke. 

In many technical processes there is a preference for a gaseous 
rather than a solid fuel. The large gas engine has a much greater 
thermal efficiency than the steam engine burning solid fuel. Many 

processes also require the heating of 
a space which cannot readily be 
reached by solid fuel (e.g., gas re- 
torts), while others require freedom 
of the heated substance from ash. 
There is, therefore, a demand for a 
means of turning solid fuel into gas 
without much loss of energy. Coal 
can be distilled, yielding coal-gas ; 
this gas is comparatively expensive 
and of high calorific power. Pro- 
ducer-gas obtained from coke is 
extremely cheap, but is of so low a 
heating power that it does not pay 
to distribute it, and it is accordingly made on the spot where it is 
required. The prodticer is, in principle, simply a large air-tight 
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Pig. 106. — ^Mond producer. 
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stove (Fig. 106). An air inlet is provided at the base and an exit 
for the gases at the top. Arrangements for admitting fuel and 
for removing ash without admitting air are also provided. Air 
enters at the base and bums to carbon dioxide ; the latter gas 
passes up through the red-hot fuel and reacts with it, forming 
carbon monoxide. The mixture of this carbon monoxide and 
the nitrogen derived from the air used is called producer-gas. 
Considerable heat is evolved in the producer, but as this is carried 
off by the gas, it is not wasted unless the producer-gas is allowed to 
cool before it is used. 

If the gas is to be burned in a gas engine the dust and ash, which 
would damage the cylinders, must be removed, and the gas is there- 
fore scrubbed with a water spray to remove these gritty particles. 

A first-rate reciprocating steam engine will convert 12 per cent, of 
the heat evolved by the fuel into work, a good steam turbine, 18 per 
cent., while a suction producer and gas engine will utihse 24 per cent, 
of the heat energy of the fuel. It is not surprising then that the 
gas engine and producer are for many purposes replacing the steam 
engine. 

When producer-gas is used for heating a furnace, the latter con- 
sists of two parts, the producer and the combustion chamber. In 
the former, air is admitted only in sufficient quantity to allow carbon 
monoxide to be formed ; in the latter, secondary air is admitted and 
the gas burns to carbon dioxide. An example of this process is given 
in the diagram illustrating the retort house in a gas-works (Fig. 105). 

666. Water-gas. — If steam be passed over white-hot coke the 
reaction, 

C + HgO = CO + H2~-29 Cals., 

takes place. This reaction absorbs heat and, accordingly, the 
temperature of the fuel rapidly falls and the reaction soon ceases. 
The gas so produced has great calorific power, for it differs from 
producer gas in that it is not diluted by some 80 per cent, of nitrogen 
derived from the air. Moreover, it contains a large proportion of 
hydrogen, the heat of combustion of which is very high. Various 
methods of producing water-gas have been devised and the common- 
est of these is based on the principle of alternately raising the fuel to 
white heat by a blast of air, at the same time allowing the gases 
evolved to escape ; then passing a jet of steam through the white- 
hot fuel until it has cooled to a red heat. The water-gas produced 
during this stage of the process is collected. One type of water-gas 
plant, the ‘Dellwik,’ is illustrated in Fig. 107. Air passes up 
through the red-hot fuel and out through the chimney shaft, raising 
the fuel to a high temperature. The air is then cut off : the exit 
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to the shaft is closed and steam is admitted below the firebars, the 
gases being carried off through a steam superheater, thus returning 
some of their waste heat to the fuel. The gas is washed from ash, 
ammonia, etc., in a scrubber and is then ready for use. 

Water-gas is often used to mix with coal-gas. Gas-works produce 
as a rule more coke than they can profitably sell and they usually 
convert some of it into water-gas. Water-gas has no illuminating 
power but good heating power. The high percentage of carbon 
monoxide contained in it renders the gas with which it is mixed very 
poisonous. Water-gas is not as a rule supplied unmixed with coal- 
gas on account of its poisonous properties, and its lack of a smell 
strong enough to give warning of a dangerous escape. Attempts 
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Fig. 107. — Dellwik blue water-gas plant. 


have been made to add the smell artificially by passing the gas over 
some volatile and intensely odorous substance, such as phenyl 
carbamine, but the results do not appear to have been satisfactory. 
Water-gas is used as a source of hydrogen and of carbon monoxide, 
these gases being separated by various processes described in 
§ 182 (3). It is also used as a source of both hydrogen and carbon 
dioxide for the combined Haber and Solvay processes (§§ 182 (3, a), 
689, 236). 

Blast-fumace gas is similar in composition to producer-gas and is 
used for similar purposes {v. §§ 645, 1137). 

557. Formula of Carbon Monomde. — Carbon dioxide may be shown 
to result from the combination of one atom of carbon with one 
molecule of oxygen (§ 563). By explosion in the eudiometer it may 
be shown that one volume of carbon monoxide combines with half 
a volume of oxygen to form one volume of carbon dioxide. So one 
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molecule of carbon monoxide and one half molecule of oxygen form 
one molecule of carbon dioxide. The formula of the latter is CO 2 
and so the formula of carbon monoxide is COg less O, CO. 

The formula has been written = C = O, C = O and C ^ O. 
Examining these from the point of view of the electronic theory of 
valency, the first two formulae are identical and represent a molecule 
which would be highly polar (having fom* electrons at one end and two 
at the other), 

( 1 ) :Cg 05 , 

while the third would also represent a polar molecule, 

(2) cl Os . 

Carbon monoxide is actually non-polar, and none of those formulae are 
satisfactory. The electronic theory of valency allows of a fourth 
formula, C O or 

(3) :C| Of 

which would be non-polar. This formula is also supported by the fact 
that carbon monoxide is a donor and combines with substances by 
contributing a pair of electrons to them, c.gr., in the carbonyls and such 
compounds as 

[Pt(NH,)g(CO)g]Clg, 

but cannot act as an acceptor, i.c., combine with substances by receiving 
a pair of electrons to complete its sot of eight. Thus it forms no com- 
X^ound with water or ammonia. If it had formula (1) or (2) it should 
have acceptor proi^erties. The parachor value f^ carbon monoxide 
also supports the latter formula. The formula C O is then the most 
probable. 

558. Physical and Physiological Properties. — Carbon monoxide is 
a colourless gas without taste or smell. It is highly poisonous, 
forming with haemoglobin, the oxygen-carrying pigment of the 
blood, a cherry-red compound, carboxyhaemoglobin. This latter is 
useless for respiratory purposes and death ensues when about half 
the haemoglobin of the blood bas combined with carbon monoxide. 
The onset of the poison is insidious, nothing much being noticed 
until sudden weakness makes it dif&cult for the victim to escax)e. 
To this gas, poisoning by coke or charcoal fumes, motor exhausts 
and coal-gas, are all due. The remedy is immediate removal of the 
victim and the application of stimulants and artificial respiration. 
The bright pink colour of the flesh of persons poisoned in this way is 
characteristic and is due to carboxyhaemoglobin. 

Carbon monoxide is of almost the same density as air, being 
fourteen times as heavy as hydrogen. It is liquefied with difficulty, 
but more readily than hydrogen (B.P.—190® C., P.P.— 207® C,), 
It is only slightly soluble in water. 

Chemical Properties , — Carbon monoxide is stable and is not 
decomposed by rise of temperature. It bums readily to carbon 
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dioxide, and mixtures of air and carbon monoxide containing as 
little as 12-5 per cent, of the latter are explosive. 

2CO + 02 = 2 CO 2 . 

The explosion does not take place very readily unless water vapour 
is present, a fact which was the earliest example known of the 
effect of drying on the rate of reaction of gases. Carbon monoxide is 
a neutral oxide and does not react with either acids or bases to 
form salts. 

Carbon monoxide is unaaturated and, like ethylene, readily forms 
addition products. Thus mixtures of chlorine and carbon monoxide 
combine under the influence of light, forming phosgene or carbonyl 
chloride. 

CO + CI 2 = COCI 2 . 

A mixture of sulphur vapour and carbon monoxide passed through 
a heated tube reacts and carbonyl sulphide COS is formed. Carbon 
monoxide reacts with heated caustic soda, producing sodium 
formate ; the yield is poor unless the process is conducted under 
pressure, 

NaOH + CO = H.COONa. 

Carbon monoxide forms an addition product with cuprous chloride, 
solutions of which in hydrochloric acid or in ammonia absorb the 
gas. 

Carbon monoxide reacts with some of the metals, forming remark- 
able edmpounds known as carbonyls, the most important of which, 
nickel carbonyl Ni(C0)4, is the foundation of the Mond nickel 
process (§ 1201). For their structure, see Appendix II. 

559. Detection and Estimation. — Carbon monoxide is recognised 
by its character as an odourless gas, burning with a blue flame and 
producing carbon dioxide (lime-w^ater test), and capable of being 
absorbed by ammoniacal cuprous chloride. Small proportions of 
the gas are best detected by its effect on blood. The spectrum of 
haemoglobin (normal blood) shows two dark absorption bands; on 
addition of a little ammonium sulphide these disappear and one band 
appears in the space between them. Blood treated with carbon 
monoxide contains carboxy haemoglobin, and this gives much the same 
spectrum as haemoglobin, but the addition of ammonium sulphide 
to carboxyhaemoglobin does not cause the two bands to be replaced 
by one. ' To detect carbon monoxide in the air 2 or 3 c.c. of much 
diluted blood is shaken with the air in a bottle. It is then removed 
and a few drops of ammonium sulphide added. If the si)ectroscope 
shows two absorption bands carbon monoxide was contained in the 
air examined. 
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The proportion of the gas in a mixture is ascertained by first 
removing all acid gases with potash, and then absorbing the carbon 
monoxide with ammoniacal cuprous chloride, noting the diminution 
in volume so produced. 

660. Carbonyl Chloride, Phosgene COCla.™ Carbonyl chloride results 
when carbon monoxide and chlorine combine, but it is best prepared by 
boiling 100 gms. of carbon tetrachloride CCI4 with 120 c.c. of 80 per cent, 
fuming sulphuric acid. The carbon tetrachloride is boiled under reflux 
and tine acid is run in drop by drop through a tap fimnel. The gas 
evolved passes out of the condenser and is washed w'ith strong sulphuric 



acid and condensed in a good freezing mixture. The preparation is not 
suitable for the student. 

CCI4 + 2SO3 = COCI3 + S3CI2O5 

It is a gas which readily condenses to a liquid, boiling at 8® C. It is 
highly poisonous and has found a use — or abuse — in warfare. 

Carbonyl chloride is the acid chloride (cf. p. 194, note 1) of carbonic 
acid. It reacts with water, forming carbon dioxide and hydrochloric 
acid, 

COCl, -f H3O = 2HC1 + CO2, 
and with ammonia forming carbamide or urea, 

COClj + 4NH3 = COfNHg)^ + 2NH4CI. 

661* Carbon Dioxide. History and Occurrence* — Carbon dioxide 
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in the form of the ‘ foul air ’ which accumulated in old wells, etc., 
had been noticed even before the sixteenth century. Van Helmont, 
at the close of the sixteenth century, recognised the existence of what 
he first termed a gas produced by the combustion of carbon and the 
action of vinegar upon chalk, by fermentation, etc. The gas was 
thoroughly studied by Bergman in 1774, and Lavoisier established 
its composition and named it acide carhonique. 

The gas, carbon dioxide, occurs free in the atmosphere to the 
extent of about 3 parts in 10,000, and its presence is of the utmost 
significance to plant and animal life. The structure of both plants 
and animals consists essentially of carbon compounds, and all the 
carbon contained therein is derived, directly or otherwise, from the 
atmosphere. The carbon compounds contained in animals are 
derived from those of plants which the animals have eaten. The 



carbon compounds of plants are derived from the carbon dioxide of 
the air. 

The leaves of plants contain the green pigment, chlorophyll, and 
this substance has the power of bringing about a reaction between 
carbon dioxide and water resulting in the formation of starch and 
oxygen, 

6CO2 + 6H2O = CeHioOs + 60a. 

The starch is converted by the plant into the various materials, 
cellulose, etc., of which it is composed. 

Animals take in carbon compounds in the form of plant tissues or 
the flesh of animals which have themselves fed on plant tissues. 
This carbon is ultimately excreted by the lungs of the animals in 
the form of carbon dioxide. The decomposition of the dead bodies 
of animals and plants also yields carbon dioxide. Thus plant and 
animal life together maintain the proportion of carbon dioxide in the 
air at a steady value of about 0*03 per cent, by volume. Carbon 
dioxide has been lost permanently from the air as a result of the 
formation, by various aquatic creatures, of shells consisting of 
calcium carbonate. The vast beds of limestone and chalk are derived 
from this source, and the loss of carbon dioxide in this way is pro* 
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bably still active. On the other hand, man is now converting vast 
stores of the carbon in coal and oil into carbon dioxide by burning 
them, and he produces yearly some 500 cubic miles of carbon dioxide. 
Even this vast quantity appears to have hardly influenced the com- 
position of the atmosphere, of which it forms, after all, less than the 
one hundred thousandth part. We may represent the carbon 
circulation of nature diagrammatically as in Fig. 109. 

Carbon dioxide is not only evolved in these biological processes, 
for in volcanic districts the evolution of carbon dioxide is not 
uncommon. Thus in the Grotto del Cane, near Naples, a dog is 
suffocated in the heavy gas rising from the floor, while a man, rising 
above it, is unharmed. In the Valley of Death, in Java, the same 
phenomenon occurs on a larger scale, and the ground is littered with 
skeletons, including those of tigers, peacocks and human beings. 
The Death Gulch, in the Yellowstone Park (U.S.A.), also produces 
the gas, and the skeletons of grizzly bears testify to its deadly pro- 
perties. Old wells, cellars, etc., are commonly filled with this gas, 
perhaps derived from the action of water containing vegetable acids 
on chalk or limestone. 

562. Preparation of Carbon Dioxide. — Carbon dioxide is made : — 

(1) By the combustion of carbon and its compounds. 

(2) By the action of heat on carbonates. 

(3) By the action of acids on carbonates. 

(4) By biological processes — ^notably fermentation. 

The first method is only used on the large scale, where a very 
dilute gas will suffice. The second is largely employed on the 
commercial scale. The third finds its use in the laboratory, while 
the fourth has occasionally been employed on the commercial 
scale. 

(1) Furnace gases contain chiefly carbon dioxide and nitrogen, 
and have occasionally been used as a source of the gas. The gases 
may be cooled and compressed and then brought into contact with 
water, which will dissolve a considerable volume of compressed 
carbon dioxide, but very little nitrogen. On reducing the pressure 
on the water the carbon dioxide is once more evolved. 

(2) All carbonates, save those of the alkali metals, are decomposed 
by heat, and the action of heat on calcium carbonate (chalk or lime- 
stone) haa been used to prepare the gas on a large scale. Limestone 
is heated in retorts and subjected to the action of superheated steam. 
The steam carries off the carbon dioxide and thus makes the equili- 
brium reaction, 

CaCOa^CaO + COa, 
complete itself at a manageable temperature. 
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(3) In the laboratory the action of a dilute acid upon calcium 
carbonate is used. The action of dilute hydrochloric acid upon 
marble in a Kipp’s apparatus is the usual method, 

CaCOg + 2HC1 = CaClg + HgO + COg. 

The use of sulphuric acid is undesirable, since a layer of insoluble 
calcium sulphate forms on the marble and stops the reaction. 

On the large scale sulphuric acid and powdered chalk have been 
used . 

(4) The process of alcoholic fermentation consists in the decom- 
position of glucose or other sugars by the yeast plant, alcohol and 
carbon dioxide being formed according to the equation, 

C,Hi,0. = 2C,HeO + 200,. 

The vast quantities of carbon dioxide evolved from brewers’ vats, 
and in the fermentation of molasses, etc., to give industrial alcohol, 
have been used in the manufacture of soda-water. 

563. Formula. — If carbon is burned in oxygen no change in 
volume results. It follows then that one volume of carbon dioxide 
contains one volume of oxygen, or, by Avogadro’s law, that one mole- 
cule of carbon dioxide contains one molecule of oxygen O,. The 
formula of carbon dioxide is then, C^O,. The density (H, == 1) is 
22, and the molecular weight is therefore 44, and 1 gram-molecule 
contains 44 — 2 + 16 gms. of carbon = 12 gms., 1 gram-atomic 
weight of carbon. The forqiula is therefore CO,, which we may 
write, O = C == O. Physical evidence shows that the three atoms 
are arranged in a straight line. 

664. Physical Properties. — Carbon dioxide is a colourless gas with 
a faint and pleasant taste and smell. It is not poisonous in small 
quantities, but is not, of course, a respirable gas. It stimulates the 
respiratory centres, causing deep and vigorous breathing, hence a 
mixture of carbon dioxide with much oxygen is useful for restoring 
breathing which has nearly ceased, as in drowning, severe shock, 
etc. The unpleasant feeling of a crowded, stuffy room is not due to 
the carbon dioxide present but to excessive humidity, lack of cooling 
air-currents, and to organic products exhaled by the crowd. 

Carbon dioxide is readily liquefied by pressure or strong cooling to 
a liquid. If the liquid is allowed to escape from its containing 
cylinder through a bag of cloth, its rapid evaporation freezes it to a 
‘ snow ’ of solid carbon dioxide. This substance, mixed with amyl 
acetate or ether, forms an excellent freezing mixture for low tem- 
peratures, — 100® C. being attainable. The solid evaporates without 
melting. Its sublimation temperature at 1 atm. is — •78*2® C. It is 
prepared on the large scale for refrigeration under the name of “ dry 
ice ” or Dricold. 

Carbon dioxide dissolves in water and also reacts with it. One 
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pressure and 16® C. A solution saturated at about 8 atm. is called 
soda-water. A little soda (c. 0*2 per cent.) is added to the water 
before the carbon dioxide is dissolved in it. 

All natural waters contain dissolved carbon dioxide, and this makes 
possible the growth of aquatic plants. The effect of water contain- 
ing the gas upon rocks consisting mainly of calcium carbonate is 
discussed in § 199. 

Chemical Properties. — ^Carbon dioxide is a stable substance and 
does not readily decompose. Thus it does not sujjport the combus- 
tion of any substances except certain metals, potassium, sodium 
and magnesium, the heat of the combustion of which decomjDoses the 
gas, forming, as a rule, a carbonate and carbon, 

4Na + SCO 2 = 2Na2C03 + C. 

Potassium reacts with carbon dioxide at 230®--240° C., yielding 
up to 17 per cent, of potassium oxalate 2K + 2CO2 =K2C204. 
Carbon dioxide reacts with hydrogen according to the equilibrium 
reaction, 

COg + Hg^CO + HaO. 

Attempts have been made to utilise this in order to obtain pure 
carbon monoxide from water-gas. Carbon dioxide reacts with water 
to form carbonic acid, which ionises to a very small extent, 

COa + H2O ^ H2CO3 ^ H+ + HCO3- 2H+ + CO3— . 

Both carbon dioxide (being an acid anhydride) and also, of course, 
carbonic acid combine with alkalis. A normal carbonate is formed 
when the alkali is in excess ; but with excess of carbon dioxide the 
bicarbonate results, though only in quantity in the case of potas- 
sium, sodium and ammonium salts, 

2NaOH + CO2 = Na2C03 + HgO 

NaaCOa + HaO + COg = 2 NaHC 03 . 

Accordingly, carbon dioxide is readily absorbed by caustic alkalis 
and lime. Solutions of the former are used to absorb it (cf. §§ 260, 
358) ; thus, also the proportion of carbon dioxide present in a gas 
may be determined, the diminution of volume caused by contact 
with caustic potash being noted. 

The reaction of carbon dioxide and water to form starch in the 
cells of green plants has been mentioned on p. 430. 

GwCOa + SwHaO = + 6^02. 

The reaction has to some extent been imitated in the laboratory by 
passing carbon dioxide through a suspension of nickel carbonate or 
ferric oxide in water while it is illuminated by light. Certain 
sugars, which might well polymerise to starch, are formed by 
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reactions which may be similar to those which occur in the green 
plant. 

565. Detection and Estimation. — ^The action of the gas on lime- 
water, a solution of calcium hydroxide, is used as a means of 
detecting it. Calcium hydroxide reacts with carbon dioxide, forming 
calcium carbonate and water ; calcium carbonate being insoluble, is 
precipitated, and thus lime-water is rendered turbid by the action 
of the gas, 

Ca(0H)2 + CO 2 = CaCOs + H^O. 

If the turbid lime-water be exposed to the continued action of the 
gas, it becomes clear once more owing to the formation of soluble 
calcium bicarbonate, 

CaCOg + H 2 O + CO 2 ^ Ca(HC 03 ) 2 . 

Carbon dioxide is best estimated by its action on baryta water 
(Ba(OH) 2 ). A known volume of the gas containing the carbon dioxide 
may be shaken with or aspirated through a known volume of standard 
baryta (c. N/50) solution and the excess titrated with acid, using 
phenolphthalein as indicator. 

566. Uses of Carbon Dioxide. — Carbon dioxide is used for the 
manufacture of soda-water and aerated drinks in general. It finds 
additional uses in fire extinguishers, some of which contain an acid 
and a bicarbonate separated by a glass partition. This, when broken, 
causes the evolution of the gas to project a stream of carbon dioxide 
froth into the fire, at once cooling it and excluding oxygen. The 
foam extinguisher (§ 492) depends on the formation of a permanent 
foam of carbon dioxide bubbles. 

567. The Carbonates. — ^The carbonates of the metals are often 
found native. They are prepared, for the most part, by the action 
of sodium or ammonium carbonate solution on a soluble salt of the 
metal, 

CaClg + NagCOg = CaCOg | + 2NaCl. 

Most of the metals form compounds with carbonic acid. The 
metals whose oxides are very weak bases, such as aluminium and 
chromium, do not do so. The carbonates of the metals are, in 
general, insoluble in water — ^the exceptions being those of the alkali 
metals. 

When heated, the carbonates of all the metals except potassium, 
sodium, rubidium and caesium, decompose into carbon dioxide and 
the oxide of the metal. Bdrium carbonate decomposes only at a 
white heat, calcium carbonate at a strong red heat and the remainder 
very readily. 

Acids, in general, decompose the carbonates, forming metallic 
salts, carbon dioxide and water. 
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The action of carbonic acid on carbonates generally yields bicar- 
bonates, but these can rarely be isolated in the solid state. 

Basic carbonates are formed by most metals. It is often doubtful 
whether they are compounds or merely mixtures of the hydroxide 
and carbonate of the metal, resulting from the reaction 

XCO3 + 2H2O ^ X(0H)2 + H2CO3. 

If this reaction takes place comparatively slowly we obtain car- 
bonates containing but little hydroxide, such as that of zinc, 

Zn(OH)2 . SZnCOa. 

If the hydrolysis is more rapid such carbonates as white lead, 
Pb(OH )2 . PbCOs, result. 

568. Carbon Disulphide CS 2 . — Carbon disulphide is prepared by 
the action of sulphur on white-hot carbon. The laboratory prepara- 
tion is difficult. On the large scale a furnace in the form of a shaft 
filled with coke is used. In the base of the shaft are fitted two large 
carbon electrodes, between which passes a current which raises the 
coke to a high temperature. Sulphur is fed in at the sides. It 
melts and vaporises and the vapour combines with the carbon, 

C + 2S = CSj. 

The carbon disulphide vapour passes out of the top of the shaft 
and is condensed. It is redistilled in order to purify it. 

Carbon disulphide is a colourless liquid which when pure is said 
to have a pleasant ethereal smell, but which, as ordinarily met with, 
has a repulsive and fetid odour. Its vapour is highly poisonous. It 
has been used for poisoning various low forms of life, such as grain 
weevils. A small quantity poured into a grain bin will destroy all 
living creatures and will evaporate harmlessly when the grain is 
removed. Its explosive character militates against its use in private 
houses for destroying cockroaches, etc., but it can be used with 
success if sufficient precautions are taken. 

Carbon disulphide boils at 46® C. It does not dissolve in water 
but is itself an excellent solvent. Most organic substances and, 
among inorganic substances, sulphur, phosphorus, and iodine, 
readily dissolve in it. 

Carbon disulphide is highly infiammable, a temperature of 150® C,, 
being sufficient to ignite it. Thus, when it is distilled it is not 
enough to extinguish all naked lights, but it is also necessary to 
remove any hot metal in the vicinity. It bums to sulphur dioxide 
and carbon dioxide, 

CSa + 30, = CO 3 + 2SOa. 

A mixture of carbon disulphide vapour and nitric oxide bums 
with an exceedingly brilliant blue flash. 
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Carbon disulphide reacts with chlorine, forming carbon tetra- 
chloride and sulphur chloride — ^a reaction of commercial importance 
(v, infra). Carbon disulphide is an acidic sulphide (§§ 804, 821), 
and forms, with alkali sulphides, compounds which are known as 
thiocarbonates. Thus, on adding carbon disulphide to an alcoholic 
solution of sodium sulphide and diluting with ether, pinkish yellow 
needles of sodium trithiocarbonate are precipitated, 

Na^S + CSg = Na^CSg. 

In this reaction we see an analogy to carbon dioxide. 

569. Carbonyl Sulphide COS is made by the action of sulphuric acid 
on potassium thiocyanate, 

KCNS + 2H2SO4 + H2O = COS + KHSO4 -f NH4.HSO4. 

The gas is washed with caustic potash and sulphuric acid. 

It is a colourless and very poisonous gas. It bums in air to sulphur 
dioxide and carbon dioxide. Water decomposes it to carbon dioxide 
and hydrogen sulphide, 

COS + HjO == HjS + CO,. 

569a. Fluorides of Carbon CP4, CaPet CaPg, etc. — These gases are 
obtained by passing fluorine over carbon. They are extremely stable. 

570. Carbon Tetrachloride CCI 4 is made by the action of chlorine 
upon carbon disulphide in presence of aluminium chloride as a 
catalyst, 

CS2 + 3CI2 = CCI4 + S2CI2. 

It is a heavy colourless liquid with a chloroformdike odour. It 
boils at 77® C. and the density of its vapour is 78(H2 = 1), nearly 
six times that of air. 

It has therefore been used as a fire extinguisher (Pyrene), for 
the heavy non-inflammable vapour engendered by the contact of 
the liquid with the burning material rapidly extinguishes small fires. 

Carbon tetrachloride is a very stable substance chemically and so 
forms a useful solvent. It reacts with sulphur trioxide, forming 
carbonyl chloride (§ 560). None of the commoner reagents attack 
it. In this respect it is in strong contrast to the chlorides of all 
other elements. Several simple compounds of carbon, hydrogen 
and chlorine, such as tetrachlorethane, are made commercially and 
find uses as non-inflammable solvents for use in paints, for cleaning 
clothes, etc. 

571. Stability of Halides. — ^The remarkable stability of carbon 

tetrachloride is attributed to the fact that it does not ionise and that 
its molecule can neither give nor receive electrons from ci 
another. The formula of carbon tetrachloride may be a:c:ci 
written r; 
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The maximum number of electrons by which a carbon atom can be 
surrounded in any form of compound is eight, while the majority of 
elements can form a ring of twelve. It is supposed that when a chloride 
is attacked by a reagent it first forms a co-ordinate compound with the 
reagent, and this co-ordinate compound then breaks up. Thus boron 
trichloride or silicon tetrachloride can combine with water, forming. an 
unstable compoimd. 

Cl Cl H 

Cl : B 4- HjO == Cl : B : 6 : 

Cl Cl H 

from which HCl splits off, leaving BCljOH, which reacts with water in 
the same manner as BCI3, the process continuing until B(OH )3 remains. 
Silicon tetrachloride can do the same because a ring of twelve electrons 
surrounding the silicon atom is a possible arrangement. 



A compound such as nitrogen chloride presents a third state of 
affairs. The nitrogen atom has a complete electron system, but it can 
attach itself to the water molecule by acting as a doiior to the hydrogen. 

Cl I Cl 

•• •• ‘ * » ' ' 

ci:n; ^ H : o :h ci: N : H:io : H 

• • •• 

a ci 

and the compound breaks up, giving hypochlorous acid HOCl. It seems 
reasonable to suppose that the remarkable stability of carbon tetra- 
chloride (and also of sulphur hexafluoride) is due to the fact that it does 
not ionise and can act neither as a donor nor an acceptor. 

672. Cyanogen and Its Compounds. — ^The group of compounds 
containing the — CN radical, are all ultimately derived from 
cyanides or ferrocyanides. The radical — CN shows some likeness 
in its general chemical behaviour to an atom of a halogen, such 
as —Cl, and the case of the cyanogen compounds was one of the 
earliest in which the behaviour of a radical or group of atoms was 
seen to be analogous to that of a single atom. 

673. Cyanogen C2N2. — ^This gas is made by the action of heat upon 
mercuric cyanide Hg(CN) 2 , 

Hg(CN)2 - Hg + C 2 N 2 , 

The gas may be collected over water, in which, however, it is some- 
what soluble. 

Cyanogen is a colourless gas. It is exceedingly poisonous, as are 
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nearly all substances which contain the cyanide radical. Cyanogen 
bums with a characteristic peach-blossom coloured flame, forming 
carbon dioxide and nitrogen, 

C2N2 + 2O2 = 2CO2 + Ng. 

In some respects it resembles a halogen : thus it reacts with 
potassium, forming the cyanide 

2 K -f C2N2 = 2 KCN, 

and with caustic potash forming the cyanide and cyanate 
2KOH + (CN)2 = KCN + KOCN + HgO. 

It dissolves in four volumes of water and its solutions slowly 
decompose, forming ammonium oxalate. The hydrolysis of 

NC - CN + 4 H 2 O = NH 4 .O.OC - CO.O.NH 4 . 
the — CN group to the group — C— O— NH 4 is of general occurrence 

II 

O 

and is much used as a means of synthesising organic acids. 

674. Hydrocyanic Acid HCN. — Hydrocyanic or prussic acid is 
found in Nature combined with glucose, in the glucoside amygdalin, 
which is present in bitter almonds, laurel leaves, and some other 
plants. We may remember that the last alchemist. Dr. Price, 
poisoned himself, in 1783, with a draught prepared from crushed 
laurel leaves. 

Hydrocyanic acid is made by distilling potassium cyanide or 
ferrocyanide with moderately diluted sulphuric acid, 

KCN + H2SO4 = KHSO4 + HCN. 

Considerable precautions should be taken, owing to its poisonous 
character, the preparation being conducted out of doors or in a fume 
cupboard with a good draught. Only skilled persons should undertake 
its preparation. 

Hydrocyanic acid is a colourless liquid with a peculiar sickly 
smell. It is highly poisonous, being remarkable not so much for 
the small quantity needed to cause death as for the violence and 
rapidity with which it acts. Death occurs commonly within two 
minutes, and if the victim survives for half an hour, he will almost 
certainly recover. The poison acts on the central nervous system. 
The violence of the action makes it most necessary to take all pre- 
cautions in handling it. Any remedy must therefore be adminis- 
tered instantly, and freshly-prepared ferrous hydroxide made by 
mixing ferrous sulphate solution and ammonia is the best antidote. 

The formulae, H-~C=N, H— N=C and H— N=C, have all been 
given for hydrocyanic acid. Its organic compounds are of two 
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types, which have apparently the formulse X— C=zN and 
X~N ^ C. The acid is probably an equilibrium mixture, 

H-C = N ^ H-N^C, 

the latter form greatly preponderating. 

In solution it slowly changes into ammonium formate, a fact which 
explains its occasional failure as a means of suicide, 

H -- C = N + 2H2O = H.CO.ONH4. 

Hydrocyanic acid is an exceedingly weak acid, 

575. The Cyanides. — Potassium and sodium cyanide find con- 
siderable use in industry and are to-day the chief source of cyanogen 
compounds. Their preparation is described under sodium com- 
pounds (§241). Other cyanides are made by double decomposition, 
etc. 

The cyanides are the salts of a very weak acid and are accordingly 
strongly hydrolysed in solution, 

KCN + HgO ^ KOH + HCN. 

Their solutions are, accordingly, strongly alkaline and smeU of 
hydrocyanic acid. They are, like hydrocyanic acid, intensely 
poisonous. The same antidote may be used with more hope of 
success, since their action is slower. 

The cyanides of the metals have a remarkable tendency to form 
complex ions. These are in some cases very stable, as the ferro- 
cyanides (v, infra), but often exist only in equilibrium with a notice- 
able proportion of the ions from which they were formed. Thus, 
silver cyanide, an insoluble white salt, readily dissolves in potassium 
cyanide solution, owing to formation of the argentocyanide ion, but 
silver ion and cyanide ion are always to be detected in its solution. 

Gold cyanide behaves similarly, and the solvent power of 
potassium cyanide for gold (§ 324) is due to this property. 

576. The Ferrocyanides. — ^Ferrocyanides are now usually pro- 
duced from coal gas (§ 241). In the laboratory potassium ferro- 
cyanide may be made by adding pure ferrous sulphate solution to 
potassium cyanide solution till a small permanent precipitate 
remains. The solution is filtered and evaporated and potassium 
ferrocyanide crystallises out, 

FeS04 + 6KCN = K4Fe(CN)e + K2SO4. 

Potassium ferrocyanide forms fine yellow tabular crystals, of 
which 28 gms. dissolve at 15®, and 100 gms. dissolve at 100® C. in 
100 gms. of water. 

When solutions of ferrocyanides are acidified with hydrochloric 
acid white hydroferrocyanic acid H4Pe(CN)e is precipitated. The 
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ferrocyanides of copper and iron are of interest and are discussed 
in §§ 56, 290,1171. 

677. The Ferricyanides. — When potassium ferrocyanide is oxi- 
dised with chlorine, permanganates, etc,, potassium ferricyanide 
K 3 Fe(CN)o is formed. < 

Thirteen grams of powdered potassium ferrocyanide are dissolved 
in 100 c.c. of cold water and 4 c.c. of concentrated hydrochloric acid 
are added. To this solution 1 gm. of potassium permanganate, 
dissolved in 150 c.c. of water, is added a little at a time until a drop 
of the solution gives no blue colour with ferric chloride. The solu- 
tion is filtered and evaporated on the water-bath to about 15 c.c. 
Potassium ferricyanide crystallises on cooling. 

KMn04 + 8HC1 + 5K4re(CN)6 - 6KC1 + MnCi^ + 5K^FeiCN)^ 

+ 4H2O. 

Potassium ferricyanide forms mahogany-red crystals, of which 
there dissolve in 100 gms. of water, 40 gms. at 15° C. and 80 gms. at 
100° C. It is a mild oxidising agent. Its reaction with iron salts is of 
interest and is mentioned in § 1171. 


678. Nitroprussides. — Sodium nitropmsside Na 2 [Fe(CN) 5 NO] 2 HjO 
is obtained when potassium ferricyanide is boiled with diluted nitric 
acid ( 1 : 1 ) and the solution is made alkaline with sodium hydroxide. 
It is a red crystalline salt which gives a deep purple coloration with 
sohible sulphides, for which it may be used as a test. 

679. Cyanic Acid and the Cyanates. — Cyanic acid HOCN is prepared 
by heating cyan uric acid (HOCN )3 in a stream of carbon dioxide and 
condensing the vapour in a freezing mixture. It may also be made by 
the action of phosphorus pentoxide on urea, CO(NH 2 ) 2 . 

Cyanic acid is a gas of pungent odour, which is easily liquefied in a 
freezing mixture. Its most conspicuous property is its polymerisation 
to cyanuric acid (CHON) 3 , 

3HOCN = (H0CN)3, 

and also to cyamelide, a white compound also of formula (HOCN) 3 . 

Cyanic acid is a stronger acid than hydrocyanic acid. Its structure 
may bo cither H — O — C — ■ N orH — N=:C = 0. Its polymers, 
cyanuric acid and cyamolide, are probably, 

hoc/ \c.OH 

I 11 

o 

H 


NH 


=c/ \c= 


NH 


li 

NH 
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Cyanuric acid Cyamelide. 

Potassium cyanate KCNO is made by the action of red lead on 
fused potassium cyanide, 

4KCN -f Pb304 = 4KCNO + 3Pb. 

It is a white crystalline substance soluble in water. Ammonium 
cyanate NH 4 .CNO is of interest on account of its ready transfonnation 
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to tho isomeric urea NHg — CO — NHj. This preparation, first per- 
formed by Wohler in 1828, was the first example of the formation of an 
animal product from inorganic materials. 

580. Thiocyanic Acid and the Thiocyanates. — ^Thiocyanic acid 
HCNS may bo made by distilling potassium thiocyanate with dilute 
sulphuric acid at low temperature, drying the gas evolved and 
condensing it in a U-tube cooled in a freezing mixture. The liquid 
polymerises on standing. 

Potassium thiocyanate KCNS is made by fusing potassium cyanide 
with sulphur. The product is dissolved in alcohol, which leaves behind 
potassium sulphate, etc., as an insoluble residue, and crystallised by 
evaporation. 

Potassiiun thiocyanate is a crystalline salt extremely soluble in water. 

The action of strong acids does not liberate thiocyanic acid, but other 
products, including oxides of carbon, carbonyl sulphide, sulphur, etc. 

With ferric salts it forms a deep red solution, and this is a very sensitive 
test for ferric iron. Tho red compound is soluble in other (§ 1166). 

580a. Oxycyanogen and — Oxycyanogen (OCN )2 has 

been made by electrolysis of potassium cyanate or by action of iodine 
on silver cyanate in carbon tetrachloride solution 

2AgOCN + I 2 = 2AgI + (0CN)2. 

It forms colourless crystals which melt at — 12® C. It has the odour 
of a halogen, is a strong oxidising agent and attacks metals without 
liberating hydrogen. 

Tliiocymiogcn (SON ) 2 has been made by the action of bromine on l(?ad 
thiocyanate in ethereal solution. It fonns colourless crystals. Like 
oxycyanogen, it resembles a halogen. 

Selenocyanogen has also been prepared. 

Oxycyanogen is stable in solution up to 100° G., but thiocyanogen 
decomposes even below room temperature. 

580b. Cyanamide NC . NHg. — Cyanamide takes its chief import- 
ance from calcium cyanamide CaCN2 which is sold as a fertiliser 
“Nitrolim,” in quantities of about 1,000,000 tons yearly. It is 
manufactured by heating calcium carbide in an atmosphere of 
nitrogen 

CaCa + N2 = CaCNa + C. 

The crude product is ground and sold as a fertiliser. Its value as 
such is due to its formation of ammonium salts in presence of 
moisture, to a small extent directly, but chiefly vid cyanamide and 
urea. 

(CaCNg + 3H2O = CaCOg + 2NH3) 

CaCNg + CO2 + HgO = CaCOg + NC.NHg 
NC . NUg + H2O = CO(NH2)a 

Urea 

CO(NH,), + 2H,0 = (NH4),COs. 

It also finds a use for making cyanides (§ 261). 
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Cyanamide NC . NHg is made by treating calcium cyanamide for 
many hours with 40 per cent, acetic acid and extracting the residue 
with ether. 

It forms colourless deliquescent crystals, melting point 43°-44® C. 
It boils at 140® C., 19 mm. It readily polymerises and also hydrolyses 
(v,s.). It acts as a very weak acid, forming salts such as CaN.CN, 
Na 2 NCN, etc. 


581. The Colour Reactions of Iron with Compounds of the Cyanogen 
Group. — Iron forms very characteristic salts with ferrocyanic, ferri- 
cyanic and thiocyanic acids. These are used as a means of detecting 
and distinguishing ferrous and ferric salts and also as a means of 
detecting the above-mentioned acids. The reactions are discussed 
in §1171. 

Combustion and Flame 

582. Nature of Combustion. — Combustion in its widest sense may 
be regarded as a reaction taking place at a high temperature and 
producing enough heat to maintain the temperature of reaction. 

Thus charcoal burns in air. Once it is heated to about 500° C. the 
charcoal combines with oxygen, according to the reaction 

C "4“ O 2 = CO 2 97 Gals., 

and the heat produced keeps the charcoal at a temperature at which 
the reaction continues without further external heat. 

Copper, on the other hand, does not burn in air. When heated to 
500° C. the reaction 

2Cu + 02 = 2CuO 

takes place, but the heat produced by it is insufficient to keep the 
copper at a temperature at which the reaction will continue. 

The combustion of non-volatile solids is flameless. If a flame is 
produced by a burning solid some gaseous product has been formed. 
Thus carbon, iron, ferrous oxide bum without a flame. On the 
other hand, phosphorus, sodium, magnesium, etc., are vaporised by 
the heat of combustion and their vapours bum with flames. With 
very few exceptions liquids do not themselves bum, but are 
volatilised to vapours which burn with a flame. 

The investigation of the burning of gases resolves itself into the 
study of explosive mixtures and flame, a vexed subject which has 
been ably studied for many yeara by such eminent investigators as 
Dixon and Bone. Much light has been thrown by them on the prob- 
lems of the mechanism of combustion, luminosity of flames, etc., 
but a good many points are still at issue. 

583. Flames. — The combustion of solids and liquids gives rise to 
heat. The unbumt solid or the products of combustion are raised 
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thereby to a temperature at which they emit both heat radiation 
and light radiation and, consequently, the process of combustion is 
accompanied by light. 

The case of gases is not by any means as simple. K an ordinary 
colourless gas, such as air, is heated, nothing in the nature of a glow 
or light is produced even at the highest temperatures. Conse- 
quently the explanation of a flame as gas raised to such a high 
temperature that it radiates light is an inadequate one. 

A flame is undoubtedly glowing gas, but the gas does not glow 
through the effect of temperature only but also by a manifestation of 
chemical energy. 

Some flames contain solid particles, and the light given by these is 
easily explained as due to the light radiated by the glowing solid. 
Examples of such flames are those of acetylene, coal-gas, magnesium. 
This explanation of the light given by flames is not by any means 
complete, for it does not explain the brilliant light given by the 
phosphorus flame (both phosphorus and its oxide are vapours at 
flame temperature), nor the very perceptible blue light given by the 
‘ non-luminous * Bunsen flame, the flame of carbon disulphide, 
hydrogen sulphide, etc. 

We may best elucidate the subject of flames by discussing several 
simple cases. 

(1) The hydrogen flame. It might seem that nothing could bo 
simpler than the burning of hydrogen in oxygen to form water, 

2H2 + 02 = 2H2O, 

but in fact the mechanism of the reaction is quite complex. Below 
500° C. the reaction between the gases takes place only at solid 
surfaces, such as the walls of the vessel. At higher temperatures 
(540-590° C.) the reaction between the gases proceeds by a chain 
reaction. A hydrogen molecule combines with an oxygen molecule, 
forming a molecule of hydrogen peroxide, 

( 1 ) H2 + O2 = H2O2, 

which then reacts with a molecule of hydrogen forming two 

( 2 ) H2O2 + H2 = H 20 * + H2O 

molecules of water. The energy liberated ‘ activates ’ one of the 
water molecules (HgO*), i.c., gives it a greater amount of internal 
energy. The water molecule then activates an oxygen molecule, 
which, as a result of its extra energy, can combine with another 
hydrogen molecule, again forming hydrogen peroxide and restarting 
the cycle. 

(3) + 02 = H 2 O + Og*. 

(4) 0,* + H, = H,0,. 
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In this way the reaction proceeds in a linear manner, a chain of 
water molecules marking its course. Chains of this kind have 
undoubtedly a real existence, for they have been photographed. The 
fact that hydrogen peroxide occurs in the products of combustion 
supports the theory, as does also a quantitative study of the speed 
of the reaction. 

At temperatures above 590® C. both of the water molecules of 

equation (2) may be acti- 
vated ; the chain then 
branches and forms a new 
chain, which itself forms 
further branches. This leads 
to a great and progressive 
increase in the speed of 
reaction and an explosion 
occurs. New phenomena 
then come into play. If a 
portion of the gas begins to 
bum explosively (as, for 
example, when ignited by a 
spark) the first portion of 
gas ignited reaches an im- 
mensely high temperatui’e 
(c, 3,000® C.) and increases 
very greatly in volume as a 
result of the heat evolved. 
The expanding gas com- 
presses the cold gas in con- 
tact with it just as in a 
sound wave. The explosion 
wave, however, differs from 
a sound wave in that the 
compressed gas of the mov- 
ing wave itself explodes and 
thrusts the pressure wave forward with a velocity approximately 
equal to twice that of sound. Fig. 110 gives an idea of the nature 
of the explosion wave by which, this type of combustion is 
propagated. 

If hydrogen burns at the orifice of a jet the conditions are very 
different. In a mixture of hydrogen and oxygen the rate of explo- 
sion is regulated by the rate at which the explosion wave is travelling 
through the gas ; but where hydrogen bums at a jet the determining 
factor is the rate at which oxygen can reach the bmming gas. Com- 
bustion can, therefore, only take place where the air or oxygen meets 
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the hydrogen and at this point a heated layer of gas, the flame, is 
formed. The maintenance of a flame in one spot and the typical 
shape of the flame are due to two factors. The combustion using up 
the hydrogen makes the flame tend always to travel downwards (just 
as a flame bums down a match-stick) ; the gas in the tube is, how- 
ever, travelling upwards, most rapidly at the axis and very slowly 
at the edges. The speed of the gas as it travels upwards grows less 
as the gas spreads into the air, and at some point becomes equal to 
the velocity of the flame travelling downwards, and the locus of these 
points gives the shape of the flame. If the velocity of the gas up 
the tube is too great the flame is blown out, i.c., is carried upward 
more quickly than it can bum downwards. 

A flame of pure hydrogen, burning in dust-free air, is invisible, but 
many gas flames, as of carbon monoxide, hydrogen, sulphide, etc., 
give a blue light. 

This blue light is not to be attributed to glowing particles of solid 
in the gas, for even if these were present they would not emit a 
blue light. The spectrum of the light is continuous, with ill-defined 
bands of greater intensity, and is quite different in character to that 
of a glowing metallic vapour, which gives a line spectrum. 

684. Bright Flames. — A number of gases burn with flames of 
very great luminosity. These include the hydrocarbon gases (except 
methane), the vapours of many metals, phosphorus, phosphine, 
and the volatile hydrides of certain elements, e.^., silicon hydride. 

It was at one time thought that all bright flames contained white- 
hot particles of solid, but it is quite clear that some do contain these 
particles and that some do not. The flames of phosphorus and 
phosphine (v. supra) contain no solid and the light radiated by them 
is probably due to the same cause as that of the blue flames of 
carbon monoxide, etc. The reason for the luminosity of these 
flames is not at present clearly understood. It is certain, however, 
that the gases in a flame are ionised and that when the ions regain 
electrons and settle down to the normal state light is emitted, 
but this does not explain the very great differences in luminosity 
between individual tjqpes of flame. On the whole, dense or com- 
pressed gases give luminous flames, while light or rarefied gases have 
feebly luminous flames. 

The flames of hydrocarbon gases are of far greater practical 
interest than any others, and the luminosity of these is certainly, 
for the most part, due to the presence of glowing solid carbon. 

The candle flame and that of the Bunsen burner may be taken as 
typical. 

A luminous hydrocarbon flame of this kind shows four distinct 
cones. 
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(1) A faintly luminous mantle surrounding the whole flame. 

(2) A brightly luminous yellow area from which almost all the 
light comes. 

(3) An inner cold hollow space containing unbumt gas. 

(4) A ‘ dark-blue ’ region at the base. 

The process which gives rise to this structure is as follows : — 

(I) In the case of the candle the heat of the flame vaporises the 
hydrocarbon on the wick, or in the case of the gas-burner the gas 
rises out of the jet. In either case, a hollow zone (3), containing 
unbumt gas, is formed. This space is cold, as may be seen by 
stretching an iron wire across the flame. The wire glows where it 
traverses the outer part of the flame but remains dark where it 


-WINTLY LUMINOUS'^ 
MANTLE. 

riUMINOUS REGION. 
-UNBURNT GA5.- 
^DflRKBUL/E ZONEr 




Fig. ill. 


Fig. 112. 


crosses the centre. The space may be shown to be full of unbumed 
gas by the simple process of drawing off a portion through a tube 

(Fig. 112). 

(II) The base of this unbumed area meets a full supply of uprising 
air and complete combustion takes place without separation of 
carbon. This process brings about the formation of the ‘dark- 
blue ’ zone (4). 

(III) The greater part of the gas or vapour is decomposed in such a 
way as to cause carbon to separate in minute particles. It used to 
be thought that this was due to the oxygen of the air combining with 
the hydrogen of the gas and liberating carbon, 

C2H4 + 02 = 20 + 2H2O, 

but experimental evidence shows that the preference is actually 
the other way, and that if any such action took place the reaction 

C2H4 + 2O2 = 2CO2 + 2Ha 

would be more likely. Bone and his co-workers have accumulated 
a good deal of evidence that combustion takes place by hydroxyla- 
tion. Thus the burning of ethane in an insufficient supply of oxygen 
probably proceeds by the reactions • 
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C2Hfl 

ethuue. 


CaHjOH 4- CHs . CH(OHs,) ^ 

alcohol. ethylidcne glycol (unstable). 


► HjO + CHg.CHO 

acetaldehyde. 


heat CH4 + CO 

C *4" 2 H 2 O "f” CO etc. 


but is probably a very complex process. 

The carbon when formed is heated to a high temperature 
(c. 1 ,700® C.) and glows brightly with a yellowish-white light. Some 
flames (e.g,, that of coal-gas burning in chlorine) are red owing to 
their lower temperature. 

In this luminous zone of the flame there is an insufficient supply of 
oxygen and a partial combustion takes place, becoming more com- 
plete as the gases pass upwards and outwards. Finally, the carbon 



Fig. 113, — ^The original. 
Bunsen burner (1855). 
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Fig. 116. — The Bunsen 
flame. 


and other products of incomplete combustion come very close to the 
outer air, where there is a full supply of oxygen. 

(IV) The carbon and products of incomplete combustion bum 
completely in the outer mantle. This complete combustion does 
not always occur. Where there is a very free supply of combustible 
the quantity of carbon, etc., is too great to be consumed by the 
available air supply and smoking occurs. The deposition of carbon 
from such a flame is increased by slowing down the combustion or 
by diminishing the air supply in any way as, for example, by placing 
a cold object in the flame. 

585. The Bunsen Burner. — ^The incomplete combustion of a 
hydrocarbon flame is in every way undesirable if such a flame is to 
be used for heating purposes. The deposition of soot on heating 
surfaces diminishes the rate at which heat is conducted to them as 
well as making them dirty. Bunsen, in 1855, devised the Bunsen 
burner, an instrument so satisfactory that it has only been altered 
in minor details in seventy-five years. The gas-ring, gas-fire heating 
element, etc., all depend on the same principle. 
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In the Bunsen burner the gas, under the usual pressure of some 
3 inches of water, issues from a jet and in injector fashion draws a 
supply of air through an air-port into a tube, where gas and air 
become mixed, the proportion in a normal Bunsen burner being 
about 1 : 2*5. The mixture bums at the top of the tube with a 
blue flame of simple structure. We may study with advantage the 
changes which take place in the luminous gas flame when air is 
introduced into the gas. The first stage is a diminution of the yellow 
luminous area and a widening of J;he outer mantle (Fig. 114). 

The addition of further air leads to the disappearance of the 
yellow luminous area. 

Still further air being introduced, the hollow area of unburnt gas 
becomes converted into a definite blue luminous inner cone and the 
usual ‘ Bunsen flame ’ is produced. This consists of three definite 
regions : — 

(1) The outer mantle. 

(2) The more luminous inner cone. 

(3) The hollow space containing unbumt gas. 

The process of combustion in this type of flame is : — 

(1) A vigorous combustion at the surface of the inner cone. Here 
the aif contained in the gas mixture is burned. 

(2) A less vigorous combustion of the excess of gas and products 
of combustion in the outer mantle. 

The addition of still more air increases the velocity of combustion 
of the mixture and, consequently, makes the flame shorter and 
smaller and also hotter. The final result of the addition of further 
air is that gas burns downwards so rapidly that no space containing 
unbumt gas remains, and the flame passes down the tube and bums 
at the jet below. The burner is then said to have ‘ struck back.* 
The gas burns in the tube incompletely, and hydrocarbons, such as 
acetylene, are produced and escape unbumed. This striking back 
can be avoided by placing at the top of the tube a diaphragm through 
which a flame will not pass. Such a diaphragm may be formed of 
several thicknesses of coarse wire gauze (Fisher burner), or of a deep 
nickel grid (Meker burner). A flame is then produced in which 
very rapid combustion occurs. . Such a flame is considerably hotter 
than the Bunsen flame. 

The logical conclusion would be to use a mixture of gas and air 
in the proportions required for perfect combustion (approximately 
1 : 6). . This has been done in the Bonecourt surface heaters, which 
are finding industrial uses, more particularly in the U.S.A. In these 
heaters a mixture of gas with enough air for complete combustion 
passes through a porous diaphragm of refractory material. Nearly 
all gas reactions are catalysed by solid surfaces and so a very rapid 
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combustion takes place in the outermost layer of the porous 
material, raising it to a high temperature. This is probably the 
most efficient way of using coal-gas, but has not made great headway 
in this country, probably owing to a fear of explosion of the air-gas 
mixture. 



CHAPTER XVI 


SILICON, TIN AND LEAD AND THE REIVIAINING 
ELEMENTS OE GROUP IV 

686. Group IV. of the Periodic Table. — Group IV. of the Periodic 
table is constituted as follows : — 


A Sub Group. 

B Sub Group. 

Carbon. 

Silicon. 

Titanium. 

Germanium. 

Zirconium. 



Tin. 

Hafnium. 

Lead. 

Thorium. 



The typical elements, carbon and silicon, bear a stronger resem- 
blance to the B sub-group than to the A sub-^roup. The A sub- 
group is discussed in § 651. 

687. Typical Elements and B Sub-group. — The elements carbon, 
silicon, germanium, tin and lead show a marked and instructive 
gradation of properties as we pass from the first to the last. There 
are, however, few properties common to these five elements, and 
there are no such resemblances between carbon and lead as we find 
between, say, lithium and caesium. 

The following common properties are to be noted : — 

(1) All the elements of the group show a valency of four. 

(2) All the elements have a hydride, XH4 (exceedingly unstable 
in the case of tin and lead), an oxide with acidic characters, XOg, a 
liquid tetrachloride, XCI4, and organic ethyl derivatives such as 
X(C*H,)4. 

The gradation of properties is of interest and may, perhaps, be 
best expressed in the form of a table. There will be noted — 

(1) a progressive increase in metallic character as we pass from 
carbon to lead ; 

(2) a progressive tendency towards the formation of compounds 
in which the elements are bivalent. 
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CaRBON. 

Silicon. 

Gkrmaniitm. 

Tin. 

Lead. 

Physical pro- 
perties of 
element. 

Typically non- 
metalllc. 

Typically non- 
metalllc. 

Metallic or 
metalloid. 

Typically 

metallic. 

Typically 

metallic. 

Chemical 

actions 

element. 

re- 

of 

Attacked only 
by oxid Is- 
Ing agents. 
Typical non- 
metal. 

Similar to car- 
bon. At- 

tacked by 
hydrogen 
fluoride. 

More reactive 
than C or Si. 
Not attacked 
by acids 
other than 
oxidising 
agents. 

Has the typi- 
cal reactions 
of a metal 
except in its 
oxidation to 
an oxide by 
nitric acid. 

Has the reac- 
tions of a 
typical metal. 

Hydrides 


Very numer- 
ous and for 
the most part 
unreactlve. 

Several hy- 
drides : un- 
stable : some 
s p 0 11 1 a n e- 
ouwly inflam- 
mable. 

One hydride, 
OCH4, un- 
stable. 

SnH* (?) de- 
composes 
spontane- 
ously even at 
room tem- 
perature. 

Existence of a 
hydride very 
doubtful. 

Bivalent com- 
pounds. 

Probably none. 

Probably none. 

GcCIj is a very 
powerful re- 
ducing agent. 

Strong reduc- 
ing agents. 

No reducing 
power. 

Oxides . 


All acidic or 
neutral. 

Acidic or neu- 
tral. 

Acidic and 
basic. 

Acidic and 
basic. 

Acidic and 

basic. 

Halides. 


Not ionised 
and very 
stable. 

Not ionised, 
readily hy- 
drolysed. 

Not Ionised. 

Tetrahalides 
not ionised. 
Hihalides are 
ionisable 
salts. 

Tetrahalides 
very unstable 
and are not 
ionised. Di- 
halides are 
ionised and 
typical salts. 

Oxysalts 


None. 

None. 

None. 

Oxysalts of 
tetravalent 
tin are un- 
stable. Di- 
va lent tin 
forms oxy- 
jsalts. 

Tetravalent 
lead forms a 
sulphate. 
Divalent lead 
forms stable 
oxysalts. 


588. Atomic Structure of Typical Elemente and Sub-group IV. B. — 

The atoms of these elements are characterised by an outer layer of 
valency electrons. 



Electrons in orbits of 


1 quantum. 

2 quanta. 

3 quanta. 

4 quanta. 

5 quanta. 

1 

6 quanta. 

1 

i 


2, 2, 

Si 3 , 

*i 4 . 

61 5 , 

Si Of 

1 

Carbon 





1 

1 

I 

Silicon 



2 2 




Germanium 



18 

2 2 



Tin . 



18 

18 

2 2 


Lead 



18 

32 

18 

2 2 


These four electrons form two pairs in orbits with different k quantum 
numbers. In carbon, silicon and germanium all four are always used 
as valency electrons ; in tin either all four (stannic compounds) or only 
the pair of 6g electrons (stannous compounds). In the tetravalent lead 

G e s 
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compounds again both pairs are used, while in the ordinary bivalent 
lead compounds the 62 pair only are in use. 

The tendency for a pair of electrons to remain imused for valency 
purposes is very noticeable in the elements of higher atomic weight. 
Thus, consider the elements of the same period as lead. We find that 
thallium, lead and bismuth all show in their salts a valency less by two 
than that of the group. 


Element. 

structure. 

Electrons of 

Electrons 
available for 
valency 
purposes. 

Actual 
Valency in 
Salts. 

1-5 quanta. 

61 

6 . 

Thallium . 

78 

2 

1 

3 

1 and 3 

Lead 

78 

2 

2 

4 

2 

Bismuth 

78 

2 

3 

5 

3 


The pair of electrons which does not leadily take part in chemical 
combination is called ‘ the inert pair.’ Its influence is most noticeable 
in the elements thallium lead and bismuth, but its influence is notice- 
able in the chemistry of indium, germanium, tin, antimony, sulphur, 
selenium, tellurium and iodine, all of which have a tendency to show a 
valency two units less than the maximum. 

SILICON Si, 28 06 

689. Characteristics of Silicon. — ^The element silicon is, after 
oxygen, the most abundant in the earth’s crust. The greater part 
of the igneous rocks consist of silicates — ^in particular those of 
magnesium, aluminium, potassium and iron — combined to form 
various double silicates and complex mixtures. The oxide of 
silicon, SiOg, abounds as quartz, flint, sand, etc. The chemistry of 
silicon differs from that of carbon mainly in that silicon does not 
readily form long chains of linked atoms, although chains of three 
or four atoms are not uncommon. It appears, rather, that silicon 
forms rings and linkages of the type — Si — 0 — Si — 0 — ^Si — 0 — , 

/\ /"\ X\ 

and such linkages are instrumental in building up such complex 
compounds as the mineral silicates, glasses, etc. 

690. Preparation of Silicon, — Silicon, it is said, exists in two allotropic 
forms, but it is very doubtful if these are true allotropes. They are 
known as amorphous silicon and adamantine ^ silicon. Graphitoidal 
silicon is described by some authors, but has no separate identity. 

Amorphous silicon, the usual form, is best prepared by heating 
magnesium or aluminium powder with silica, the very violent action 
being moderated by the presence of magnesium oxide, 

2Mg + SiOj = 2MgO + Si. 

The product is heated first with dilute hydrochloric acid and finally with 
hydrofluoric acid. Silicon remains behind as a maroon-coloured powder. 

^ Adamasp Lat. diamond. 
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Adamantine silicon is best made by the action of aluminium on 
potassium silicofluoride, 

4A1 -f SKjjSiFe = 4 AIF 3 + 6KF + 3Si. 

Extraction with dilute acids and finally dilute hydrofluoric acid (1 : 1) 
yields the pure silicon. When pure it forms small yellow transparent 
crystals. 

591. Properties of Silicon. — Like the forms of carbon, the forms of 
silicon differ in chemical behaviour as well as in physical properties, 
the ‘ amorphous * form, as with carbon, being the most reactive. It 
seems likely, however, that the differences between them are only due 
to differences in surface and particle size and that amorphous silicon is 
only a finely divided crystalline silicon. 

Amorphous silicon is a brown or reddish powder of sp. gr. 2*36. It 
fuses at a high temperature. 

Chemically it is fairly reactive, burning in oxygen at or below a red 
heat. 

Si O 2 ~ SiOj. 

It reacts with fluorine at the ordinary temperatures, and with 
chlorine and bromine at a low red heat. 

Si + 2 CI 2 = SiC^. 

It also combines with sulphur and nitrogen. Silicon reacts with 
boiling water or steam, 

Si -f- 2 H 2 O = SiOj, -f 2Hg. 


Adamantine silicon forms pale yellow crystals of octahedral t 5 T)e, 
which have curved faces capable, like those of the diamond, of cutting 
glass. 

Adamantine silicon bums at 400® C. in oxygen, but less easily than 
the ‘ amorphous ’ form. 

Silicon finds a use in the manufacture of silicon steel and silicon 
bronze. 

592. Atomic Weight 0 ! Silicon. — ^The approximate atomic weight of 
silicon is evidently 28, as is shown by the vapour densities of numerous 
volatile compounds. Its obvious analogy to carbon places it clearly in 
the fourth group of the Periodic table and also indicates this atomic 
weight. Dulong and Petit’s rule also confirms this at temperatures 
above 200® C. 

The equivalent is nearly 7 and the valency is accordingly 4. The 
exact determination of the atomic weight has best been carried out by 
dissolving a known weight of a silicon halide, SiCJ^, SiBr^, in water and 
determining the weight of silica produced on ignition of the residue, 

SiCL + 4H^O = Si(OH)4 + 4HC1 
Si(OH )4 = SiOa + 2H2O. 

593. Silicon Hydiides. — Several of these exist and are named after 
the corresponding carbon compounds, 


Silico -methane . 
Silico-ethane 
Silico-ethylene , 
Silico-acetylene . 

have all been described. 


SiH* 

Si^H* 

Si,H4 
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594. Silicon Hydride, Monosilane, Silico methane, SiHi, is made by the 
action of hydrochloric acid on magnesium silicide, whicli latter may be 
made by heating magnesium powder with a suitable proportion of sand, 

MgaSi + 4HC1 = 2MgCl2 + SiH4 

The g€ts is mixed with some 96 per cent, of hydrogen and the pure 
gas can be obtained by condensing the silico-methane with liquid air. 
The hydrides SigHg, SigHg, etc., are formed at the same time in small 
quantity and have been obtained by fractionating the liquefied gas. 

Silicomethane is a colourless gas and, when impure, is spontaneously 
inflammable. It burns with a bright flame. 

SiH* -f 2O2 = SiOj -f 2H2O. 


Oxides of Silicon 

595. Silicon Monoxide SiO has been prepared by reduction of silica 
in the electric furnace. It behaves very much like a mixture of silicon 
and silica but seems to be a chemical individual. 

596. Silica, Silicon Dioxide, Silicic Anhydride, Si02, is a very 
common mineral. It is found in nature in a pure crystalline condi- 
tion as quartz and as tridymiie (v. infra) and with various impurities 
as chalcedony^ hornatone^ jasper. Opal is an amorphous form of 
silica. Flint is also a less pure form of amorphous silica. 

Kieselguhr consists of the fossil shells of the minute plants known 
as diatoms, and is a very porous and fairly pure form of silica. 

Sand may be derived from many different sources, but usually 
consists of silica in a more or less pure condition. The purest form 
of silica is rock crystal or transparent quartz. 

Silica may be prepared artificially in several ways. 

(1) Silicon burns, forming silica, 

Si + O 2 = SiOg. 

(2) Silicates may be decomposed by acids, yielding silicic acid, 
which when ignited gives silica, 

NagSiOa + 2HC1 = 2NaCl + HgSiOj 
HjSiOa = SiOa + HgO. 

(3) Silicon fluoride is decomposed by water, forming silicic acid, 
which may be filtered off and ignited as above, 

SSiF^ + 4H2O = H4Si04 + 2 H 2 SiFe 

H4Si04 = SiO* + 2 H 2 O. 

697. Properties o! Silica. — Silica exists in four forms — 

(1) Hexagonal crystalline silica— quartz (Plate XII.). 

(2) Hexagonal plates — tridymite. 

(3) Cristobalite. 

(4) Fused silica glass. 




Xir. (Crystal of Quartz 
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Quartz and quartz glass are transparent colourless solids. When 
heated slowly crystalline quartz changes at about 870® C. to another 
crystalline form, tridymite, which at about 1,470° C. changes into a 
third form, cristobalite. Above this temperature it fuses to a liquid 
which solidifies to a clear glass, fused silica. The specific gravity of 
quartz is about 2*65 and that of quartz glass is 2*21. Silica is 
remarkably hard. It scratches glass but is itself scratched and cut 
by the diamond. ' Silica is remarkable for its extremely low co- 
efficient of expansion. Fused silica has a coefficient of only 5 X lO"*’, 
while that of ordinary glass is c. 9 X 10“®. This property gives one 
of its chief uses to fused silica. The cracking of glass apparatus by 
sudden heating or cooling is due, of course, to its low conductivity, 
which causes irregular expansion or contraction. The expansion 
of fused quartz being negligible, it will not crack even if plunged 
when red-hot into cold w'ater. Fused silica is therefore a valuable 
material for many purposes. It has been used to construct labora- 
tory apparatus and condensers for acids, evaporating pans, etc., for 
industrial purposes. Its disadvantage is its high price. The 
material is cheap enough, but the very high temperature (c. 1,600® C.) 
at which it has to be worked causes the difficulties in its manu- 
facture. 

Fused quartz can be drawn into threads of inconceivable tenuity, 
which are yet of considerable strength. Threads can be drawn 
which are quite invisible to the naked eye (-0005 cm. diameter) and 
will support a weight of a couple of grams. These threads, being 
elastic, are very valuable for the construction of physical apparatus. 

Silica is slightly soluble in water, particularly when heated under 
pressure to temperatures of 110® C. and over. 

Silica is very resistant to chemical action. It is, however, an 
acidic oxide, and is attacked by alkalis, forming silicates, 

SiOg + 2NaOH = NagSiOj + H^O. 

Metallic oxides do the same at a higher temperature (v. section on 
Glass). 

PbO + SiOa = PbSiOg. 

Hence silica apparatus should not be used for concentrated alkalis 
or for heating metallic oxides. 

Silica is attacked by hydrofluoric acid, yielding silicon fluoride 
(q.v.), 

SiO, + 2HgF, = SiP4 + 2H,0. 

Silica finds numerous uses in industry. 

Rock crystal is used as a gem and also for lenses, watch glasses, 
etc., which have the advantage of being unscratched in use. 
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Various ornamental forms, such as jasper and chalcedony, have 
been used as ornamental stones. 

Flint enjoys the position of having been the subject of the world’s 
earliest industry. Its use for flint implements depends on its pecu- 
liar fracture and its hardness. 

Sand, of course, finds numerous uses in building, cement work, the 
manufacture of artificial stone, the manufacture of glass and glazes, 
water filtration, etc. 

Kieselguhr is used for some of the above purposes and also for 
making dynamite (nitroglycerine absorbed in kieselguhr). It is also 
employed as a polishing powder and for numerous other purposes. 

598. Silicic Acids. — The silicic acids are somewhat indefinite com- 
pounds, and it is doubtful how many of them actually exist. 

Orthos ilicic acid .... H 4 Si 04 
Metasilicic acid .... HgSiOg 

appear to be definite compounds. The first is probably Si( 0 H )4 and 
the second SiO(OH) 2 , but in all probability they are highly poly- 
merised and the actual formulae are (H 4 Si 04 )„ and (HgSiOj),,. 

Silicates exist derived from a number of other silicic acids. These 
are discussed on pp. 457, 458. 

Orthosilicic acid is said to be obtained when silicon fluoride is 
passed into water and the gelatinous silica obtained is washed with 
ether and dried between filter papers, 

3 SiF 4 + 4H2O = 2 H 2 SiFe + H4Si04. 

It is a white powder. 

Metasilicic acid is prepared by dehydrating the gelatinous silicic 
acid obtained by the action of acids upon sodium silicate with 90 per 
cent, alcohol. 

Silicic Acid Gels and Sols , — ^When sodium silicate solution is heated 
to 100° C. and mixed wdth hydrochloric acid a gelatinous precipitate, 
silica gel, SiOg^iHgO, is obtained. If, on the other hand, 100 c.c. 
of cold diluted hydrochloric acid (equal volumes concentrated acid 
and water) are added to 200 c.c. of cold ‘ water-glass ’ solution (c. 30 
per cent. NagSiOg) a colloidal solution or sol of silicic acid (§ 91) is 
formed. This may be freed from sodium chloride by dialysing it. 
A purse-like bag of parchment paper is filled with the mixture and 
surrounded by running water as illustrated in Fig. 116. The 
sodium chloride passes through the paper and is carried away while 
the colloidal silicic acid remains behind as a colourless and tasteless 
liquid. Its molecular weight is very high and its molecules are 
evidently very complex. 

Silica gel has a remarkable power of absorbing moisture. Its use 
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for drying the. blast used in the smelting of iron is mentioned on 
I). 738. It has also the power of adsorbing many substances from 



Fio. 116. — Purification of 
colloidal silicic acid. 



Fia. 117. — Production of silicate 
growths. 


solution and has found some uses in removal of sulphur compounds 
from petroleum. 

Other complex acids of silicon are known and are named after their 
carbon analogues. Silico-oxalic acid (HO.O.Si — SiO.OH) and Silicon 
mesoxalic acid (SiOOH.Si(OH) 2 .SiOOH)j. are unstable and explosive. 

699. The Silicates. — Sodium silicate is an article of commerce 
and is sold in concentrated solution as ‘ w^ater-glass.’ It is made by 
fusing white sand with half its weight of soda. The glassy product 
is broken up and dissolved by long boiling with w ater under pressure. 
Its solutions react strongly alkaline (§ 121). 

The silicates of the metals other than the alkali metals are 
insoluble in water. They may be prepared either by fusing metallic 
oxides with silica, 

PbO + SiOg = PbSiOa, 

or by mixing a solution of sodium silicate with a solution of a metallic 
salt. 

The remarkable ‘silica-garden’ (Fig. 117, Plato XTII.) is made by 
preparing a solution of sodium silicate (density, 1-1) and filtering it, if 
necessary. In this solution are placed crystals of various salts, man- 
ganese chloride, cobalt nitrate, ferrous sulphate, copper sulphate being 
suitable. These crystals within a few hours become covered with long 
growths of fantastic shape consisting of hollow tubes of the solid silicate. 
The process of growth is probably as follows ; Round the crystal is 
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formed a shell of the silicate, colloidal and semipermeable (v. § 56 ). 
Within this is a strong solution of tho salt — outside a weak solution of 
the silicate ; hence water will pass through tho shell and the osmotic 
pressure will burst it. As soon as it bursts the solution of the salt 
escapes but at once reacts with tho silicate solution and thus builds up a 
further projection of tho silicate. This again bursts and a further 
projection is built up and so on. 


The metallic silicates are mainly of interest on account of their 
occurrence as minerals and their use in the manufacture of pottery 
and glass. 

The igneous rocks consist for the most part of mixtures of silicates. 
We may take as examples some of the commonest minerals of which 
rocks arc built up. 


Augite 
Felspar 
Hornblende 
Kaolin, china clay, 
Mica 1 

Seri)entine . 

Talc . 


Calcium magnesium silicate. 

Potassium aluminium silicate. 
Magnesium iron calcium silicate. 
Hydrated aluminium silicate. 

Hydrated potassium aluminium silicate. 
Hydrated magnesium ferrous silicate. 
Hydrated magnesium silicate. 


Such crystalline rocks as granite, basalt, syenite, etc., are mixtures 
of these silicates which have cooled slowly, while glassy rocks, such 
as sanidine, obsidian, etc., are mixtures of silicates which have 
cooled very swiftly without time to crystallise. 


599a. Structure of Silicates. — The difficulty of obtaining these 
silicates in a pure condition and the impossibility of directly determining 
their molecular weights has led to some very complex formulae being 
given ; the development of the technique of examining their structure 
by X-ray analysis, due chiefly to Bragg and his co-workers, has enabled 
their formulae to be more certainly known. 

Some are orthosilicates, such as olivine (Mg, Fe)2Si04® and willemite 
2028104. Others are meta-silicates, e.gr., diopsid© CaMg(Si03)2. 
Others are derived from a hy|3othotical octosilicic acid Hi2(Si03)8; of 
tluise tremolite H2Ca2Mg5(Si03)8 may afford an example. The 
alumino-silicates, such as cyanite, sillimanite and andalusite, all 
AlgSiOg, and beryl BegAljSijOig, are of a different typo. Finally, the 
garnets of the typo M^8.M'"2(SiD4)2, of which pyrope Mg3Al2(Si04)3 is 
an example, form a large class. 

A detailed study of tho structures of these molecules is much beyond 
the scope of this book ; suffice it to say that the infusibility and 
insolubility of the silicates is due to their being giant molecules (§ 103) 
in which the whole mass is bound together by chemical linkage. 

Thus olivine is not simple magnesium orthosilioate Mg|(Si04) (the 


* Several varieties exist of different composition. 

■ (Mg, Fe) means that magnesium cmd ferrous iron may occur in varying 
proportions replacing each other atom by atom. 
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iron is neglected for the moment), hut a vast molecule 

extending to the limits of the crystal, n being of the order of lO^o or 

more. 

Every oxygen atom is linked to one silicon atom and to three 
magnesium atoms, each of which is co-ordinated (§ 155) to six oxygen 
atoms in all. Fig. 118 gives some idea of the structure. 



The Symbols^^^^and 
represents the tetrahedral 


Si O4 group /si^O with (1) a point 


0 0 

and (2) the base upright 


Fio. 118. — Projection of structure of olivine (Mg 2 Si 04 )n. The 
magnesium atoms are represented as black circles •. The 
open circles O represent oxygen atoms above the plane of the 
paper. The shaded circles 0 are oxygen atoms below the plane 
of the paper. The silicon atoms (not shown) lie at the centres 
of the tetrahedra of oxygen atoms represented above. The 
six co-ordinate linkages to the magnesium atoms bind the 
whole into a giant molecule and are represented by dotted lines. 
The structure extends indefinitely both vertically and hori- 
zontally. (Adapted from Bragg : Structure of Silicates.) 


The orthosilicates, such as olivine, are exceptional as having separate 
Si 04 groups in which an oxygon atom belongs only to a single silicon 
atom. In the metasilicates, e.gr., X'^ 2 (Si 03)2 chains of silicon and oxygen 
atoms occur. Thus in pyroxene, of which the simplest formula is 
MgCa(Si 03 ) 2 , chains of the typo shown in Fig. 119 are found. The 
oxygen atoms are further co-ordinated to magnesium and calcium 
atoms which, themselves linking to more oxygen atoms, bind the whole 
into a compact giant molecule. 

The total elucidation of the structure of a silicate molecule is naturally 
very laborious and not easy to grasp — at least without the habit of 
thinking in terms of 3-dimensional models. It is perhaps sufficient 
if the student grasps the general principle of tetrahedra composed of 
silicon atoms at the centre and oxygen atoms at the corners linked by 
co-ordination to metallic atoms and to each other. 

599b. Ultramarines. — The interesting and commercially very impor- 
tant blue pigment ultramarine is a complex silicate containing sul]ihur. 
It is made by roasting an intimate mixture of china clay and sodium 
sulphate with some soda, carbon and sulphur. It has a fine pure blue 
colour and is the most important blue pigment. There are numerous 
ultramarines, but the formula of a typical one is NaeAle(Si 04 ) 3 . 2 NaaS 04 . 
The structure has been fairly clearly worked out as a sort of honeycomb 
of cells whose walls are a network of silicon, aluminium and oxygen 
atoms. The sodium ions cling to the walls of each “ cell,’* and in each 
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cell is an ionised group sncli as NaS 04 '. Thoro is very good evidence 
for this or a closely related structure. 

The study of these giant molecules of solids is opening up a new 
department of chemistry quite as different from organic chemistry 


Bonds "From oxygen aceme. 



Fig. 119. — A chain of silicon and oxygen atoms as found in 
inetasilicatos MeSiO). 

and the inorganic chemistry of recent years as these are from each 
other. 

Clay is of very variable composition and is a heterogeneous mix- 
ture of particles of silicates, quartz, felspar, mica, etc., bound to- 
gether by a sticky ‘ clay substance,’ which is an aluminium silicate 
roughly of the formula Al2Si207.2H20. 

600. Glasses. — ^A glass is really a physical term, meaning a 
liquid supercooled to such an extent that it has become apparently 
solid. Silicates are not the only materials which can be made into 
glasses. Thus fused silica itself is a true glass and the borates of the 
metals form glasses. 

The term glass is, how^ever, generally applied to a fused mixture of 
two or more silicates. Such mixtures, if cooled reasonably quickly, 
do not crystallise, and form a super-coolcd liquid or glass. 

Ordinary glass certainly does not appear at first sight to be a 
liquid. Its liquid character is, however, shown by the fact that it 
has no melting point. Glass, when heated, becomes softer and 
imperceptibly passes into a mobile fluid and no point can be taken 
as the point of liquefaction. ‘ 

Glass is a mixture of the silicates of one or more alkali metals 
with the silicates of one or more heavy or alkaline earth metals. 

The former make the melting point of the glass low enough for it 
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to be worked readily by blowing ; the latter give to the glass high 
refractive index and, of course, insolubility in water. 

Common soft laboratory glass consists of sodium and calcium 
silicates ; hard glass of the older type consisted of potassium and 
calcium silicates ; modem hard glass consists of borosilicates. 
Glasses which are required to have a brilliant appearance contain 



Fia. 121. — Glass-maker’s pots, 

also lead silicate, which gives to the glass a high refractive index ; 
the addition of iron, manganese, copper, cobalt, etc., give coloured 
glasses. 

Glass is made by fusing together : — 

(1) Silica . — Sand is used as a source of silica ; it must be free 
from iron oxide if colourless glass is required, 

(2) Alkali . — Sodium carbonate or sulphate is employed ; or if a 
potash glass is wanted, potassium carbonate is used. 

(3) Lime . — Chalk or limestone or lime itself is used. 

A typical * charge ’ for making a batch of window-glass might be : 
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sand 100 parts, sodium sulphate 32 parts, chalk 45 parts, coke 
2 parts, to which is added a varying amount of cullet or broken glass. 

The glass-making furnaces are of several types. They have to be 
constructed of extremely resistant materials owing to the very high 
temperatures required. Fig. 120 gives an idea of the construction 
of the type of furnace used for preparing the finer types of glass. 
For bottle and window glass, large recuperative furnaces (Fig. 190) 
are employed. Supposing sand, chalk, and soda to form the charge, 
the reaction which takes place on heating is : 

Na 2 C 03 ” 1 “ Si 02 = Na 2 Si 03 “f- COj 
CaCOg + SiOa = CaSiOg + COg. 

The carbon dioxide escapes, and it is of great importance that all 
bubbles of gas should escape from the molten glass, for these cause 
flaws in the material. 

Pottery and China. — Pottery and china are produced by heating 
clay to a high temperature and then coating it with a glaze and 
melting this to a thin glassy coating. The hardening of clay on 
firing depends first on the dehydrating of the aluminium silicate, 
which gives the * sticky ’ character to it. This takes place at 
about 550° C. At higher temperatures some of the silicates con- 
tained in the clay actually melt and bind the remainder of its con- 
stituents into a stone-like or vitreous mass (§ 489). 

The glazes applied to the surface of pottery are simply glasses of 
such composition that they are easily fusible and also have the same 
coefficient of expansion as the clay beneath. Neglect of this pre- 
caution causes the glaze to flake off. The quality of the porcelain 
or earthenware depends on the type of clay used. 

601. Silicon Halides. — The most important of these are — 

Silicon fluoride ..... SiF 4 
Silicon tetrachloride .... SiCl 4 

There also exist another fluoride SigFg, other chlorides, SiaCl^, SigClg, 
SiHCls, corresponding to the various halides of carbon usually studied 
in organic chemistry. Many silicon bromides and iodides, including 
SiBr4, Si2Br4, SiHBrg, Sil^, Sigl®, SiHIg have been described. A large 
number of silicon oxychlorides, SigOClg, etc., exist. 

602. Silicon Fluoride SiF 4 . — Silicon fluoride is made by the action 
of hydrofluoric acid upon a silicate or silica. The most convenient 
way of preparing the gas is to mix one part of fine sand or powdered 
glass with one part of powdered calcium fluoride and heat this with 
six parts of concentrated sulphuric acid. A glass flask may be used 
and, though it will be attacked, it will last out several experiments. 
The gas may be collected over mercury, 

CaF 2 "4“ H 2 SO 4 = CaS 04 -{- II 2 F 1 
2H3F2 + SiOa = SiFa + 2HaO. 
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Silicon fluoride is a colourless gas with a suffocating odour. It 
does not bum. Its most striking property is its decomposition 
into gelatinous silica when passed into water, 

SSiF^ + 4H2O = Si 02 . 2 H 20 + 2 H 2 SiFe. 

Gelatinous silicic acid is precipitated and a new acid, hydrojluo- 
silicic acid, goes into solution. 

This property affords an excellent 
test for a silicate (and for a fluoride). 

If a silicate is to be tested for, it is 
mixed with calcium fluoride in a leaden 
or platinum crucible ^ and sulphuric 
acid added. The mixture is warmed 
and a drop of water hung on a glass 
rod is suspended in the vapours 
evolved. If silicates are present the 
rod will become coated with gelatin- 
ous silica. 

Alkalis decompose the gas, forming 
silicates, fluorides and fluosilicates. 

603. Hydrofluosilicio acid EsSiF^ is Fio. 122.— Preparation of 

prepared by passing silicon fluoride into hydrofluosilicic acid, 

water. The tube conveying the gas is 

best led under mercury as in the figure, for otherwise it becomes 
choked with gelatinous silica. A glass vessel may be used. After 
some time the hydrofluosilicic acid is filtered off and evaporated at a 
low temperature. 

The concentrated solution of the acid is a fuming liquid. When 
evaporated to diyness it breaks up into hydrogen fluoride and silicon 
fluoride, 

HjSiF, = HjF, + SiF^. 

Its salts, the silicofluorides (fluosilicates), are of some slight 
importance. Potassium silicofluoride is but sparingly soluble and 
hydrofluosilicic acid is sometimes used as a precipitation reagent for 
potassium. Perchloric acid is, however, preferable. The silicofluorides 
have been used as disinfectants and food preservatives. 

604. Silicon Tetrachloride SiCl 4 . — This substance is made by 
heating silicon or magnesium silicide in a current of chlorine, 

Si + 2 CI 2 = SiCl4. 

It forms a colourless liquid of B.P. 67° C. Like most of the 
chlorides of the non-metals it is decomposed by water ; hydro- 
chloric acid and silicic acids result, 

SiCl4 + 3 H 2 O = H2Si03 + 4HC1. 

^ Glass is inadmissible, being itself a silicate. 
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Potassium metal decomposes its vapour, and this has been used as a 
means of preparing the element silicon, 

4K + SiCl4 == Si + 4KC1. 

605. Silicon Carbide SiC, Carborundum, is a valuable abrasive. It 
is made by heating a mixture of carbon and silica in an electric 
furnace. A firebrick furnace about 16 X 5 X 5 feet has at each 
end an electrode consisting of some sixty large carbon rods 30^ long 
and S'" in diameter. The furnace contains a charge of coke and sand, 
with sawdust and a little salt. A central core, joining the elec- 
trodes, is formed of pieces of coke. A current of 165 volts and 
1,700 amperes passes at first. The current passing through the 
coke core forms arcs between the pieces of coke, and the temperature 
rapidly rises. The current passing rises to 6,000 amperes as the 
furnace heats up. The reaction 

SiOa + 3C = SiC + 2CO 

takes place. The carbon monoxide bums above the furnace. The 
carborundum is dug out, ground and graded into powders of 
different degrees of fineness. 

Carborundum forms hexagonal crystals, colourless when pure, but 
normally dark-coloured, having a brilliant iridescent lustre. It is 
infusible, but decomposes at about 2,200® C. It is exceedingly hard, 
only less so than the diamond. 

Carborundum is used as an abrasive. Carborundum grinding 
wheels, etc., are made by mixing it with china clay, etc., and firing 
in a kiln. 

606. Other Silicon Compounds. — Silicon forms nitrides, sulphides, 
phosphides, borides, etc., which are not at present of any particular 
interest. 


GERMANIUM Ge, 72*60 

607. Oermanium and Its Compounds. — ^The element germanium is 
of extreme rarity. The chief mineral from which it is at present 
extracted is germanite, found in South Africa. This contains up to 
6 per cent, of germanium. Some specimens of zinc oxide contain an 
appreciable quantity of germanium. A good deal of work has recently 
been done on this element and many of the older data have had to be 
revised (v, table, p. 168). 

Germanium is a greyish-white brittle substance of metallic 
appearance. It melts near a red heat. It is attacked by aqua regia, 
and nitric acid oxidises it to GeOg. It behaves like a metalloid. 

It forms hydrides GeH^, GcgH^, GcgHg, (GeH),., (GeHg)^;, which are 
markedly unstable. It forms two oxides, GeO and GeOg. The 
former has some basic properties, dissolving in hydrochloric acid 
to the chloride GeClg. The latter is acidic but shows some 
trace of basic properties in that it forms the chloride GeCL with 
hydrochloric acid. Germanic acid is extremely weak. A series of 
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chlorine substituted hydrides exists, GeH 3CI, GeHgClj, GeHjBr, 
GoHaBr, GeHClg. The existence of those shows the analogy of the 
element to carbon. 

Of the two chlorides, GeCl4 is similar to SiCl4 and SnCl4. Gerrnanous 
chloride GeCla is more like stannous chloride, and is a powerful reducing 
agent. Germanium tetrafluoride Gk)F4 is a colourless fuming gas 
which, with water, forms fluogermanic acid HaGeFi,. In this ger- 
manium resembles silicon. The sulphides are of the metallic type. 
GeS is formed by the action of hydrogen sulphide on geimanous chloride 
and is known in two forms, orange and black. 


TIN Sn, 118-70 

608. History. — Tin has been known from very early times. The 

earliest specimens of bronze — an alloy of copper and tin — are found 
in Egypt and date from about 2000 b.c. Tin, then, must have been 
known as early as this. Tin as a separate metal was known to the 
Greeks and Romans. It was sometimes confused with lead, but 
was certainly distinguished as a separate metal by the first century 
A.D. The early alchemists gave to tin the sign of Hermes ^ , w^hile 

the sign of Zeus ^ U was given to dectrum, a native alloy of gold and 
silver. In later times (about 700 a.d.) mercury, which had been 
known for many hundred years, was taken to be a metal and was 
given the sign of Hermes ^ , while tin took the sign of Zeus, and 
electrum, now recognised as an alloy, was left without any sign. 
Tin was used by the Romans for making bronze and solder and also 
for tinning copper vessels. 

609. Occurrence. — ^Tin is widely distributed. It occurs in quan- 
tity as the mineral cassiteritCy^ tin dioxide SnOg, in the island of 
Banca, in the Malay States, in Cornwall, Australia, China, Africa, 
etc. The Cornish deposits probably supplied the ancient world 
together with supplies derived from Spain. Herodotus (430 b.c.) 
and Strabo knew of the Cassiterides or Tin Isles, which have been 
thought to be the British Isles, but since the description of them does 
not correspond well with either Cornwall or the Spanish coast, they 
are quite possibly the early geographer’s confused ideas of a district 
in the far West from which tin was brought. 

610. Manufacture of Tin. — Tin-stone is very dense (sp. gr. c. 7). 
It is occasionally found in alluvial deposits, ‘ stream tin/ but has 
usually to be separated from an ore which may contain as little as 
0*5 per cent, of tin dioxide. The ore is broken roughly and then 
crushed by means of stamps weighing 3 cwt. or more, which are 
mechanically raised and dropped upon the ore, which is contained 

1 Lat., Mercurius. 

* Lat., Jupiter. 

* Gk. Ksurffirtpos, tin. 

T.o. ® H 
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in a box through which water flows. The water carries off the fine 
particles of ore. The tinstone being heavy is deposited sooner than 
the rocky matter (sp. gr. 2-3). The water flows over a ‘ buddle ’ — 
a simple form of which is an inclined plane with slats fixed at right 
angles to the flow of the water. The heavy tin-stone sinks and is 
retained by the slats. 

The tin ore thus obtained may have to be roasted on a flat 
furnace bed to remove arsenic and sulphur and is then ready to be 
smelted.. .The ore is mixed with a fifth of its weight of carbon in the 
form of powdered anthracite and heated in a reverberatory furnace. 
The reaction SnOg^ 2C — Sn + 2CO takes place and the melted 
tin sinks to the bottom of the furnace and is tapped off at intervals. 

The tin so obtained is far from pure and is further refined by 
‘ poling.’ The tin is melted and poles of green wood are thrust 
into it. Quantities of steam and other gases are evolved from the 
wood and carry to the surface a scum containing most of the 
impurity. 

Tin occurs in three allotropic forms 

(1) Grey tin, stable below 18° C. 

(2) White or tetragonal tin, stable from 18° C. to 161° C.^ 

(3) Rhombic tin, stable from 161° C. to 232° C. 

The transformation of grey tin, which is a grey powdery mass to 
white tin, the metal as we know it, is reversible and the transition 
temperature is 18° C. 

18° C. 

Grey tin ^ White tin. 

Accordingly, on an ordinary English winter day, white tin should 
be converted into a grey powdery solid. This, of course, does not 
happen, and it is only in excessively cold winters, such as are 
experienced in Russia, that this change occurs. It is a good example 
of suspended transformation, analogous to the super-cooling of a 
liquid. If the white tin, at any temperature below 18° C., is 
‘ inoculated ’ with a little grey tin, the change then proceeds. This 
phenomenon gave rise to the name ‘ tin-pest ’ sometimes applied to 
the change. The starting of the change by contact with grey tin is 
analogous to the addition of a crystal of solid to a super-cooled liquid. 

The change is very slow, because both phases are non-volatile 
solids. 

61X. Properties of Tin. — White tin is a silver-white metal. It is 
fairly hard and is notably crystalline in structure. A rod of tin, when 
bent, makes a perceptible creaking sound, the ‘ cry of tin,’ which is 
probably caused by the crystals rubbing against each other. Tin 

^ Several discrepant values are given. 



REACTIONS OF TIN 


461 


melts at 232® C., a molting point lower than that of any common 
metal. Tin finds a use for this reason in making alloys of low- 
melting point. Tin is very malleable and ductile at about 100® C. 
and is then easily rolled into tinfoil or ‘ silver paper.’ Thin sheets 
of tin made in this way are used for wrapping purpose and for the 
manufacture of collapsible tubes for toothpaste, etc. Tin is, for a 
metal, a moderately good conductor of electricity. 

Tin is not oxidised at the ordinary temperature, but melted tin 
slowly forms a scum of white tin dioxide, 

Sn + Og = SnOg. 

Tin is readily attacked by chlorine, yielding the liquid stannic 
chloride (g'.v.), 

Sn + 2CI2 = SnCl4. 

It reacts with sulphur, forming stannic sulphide (g.v.). 

Tin is not attacked by water or steam but is readily attacked by 
mineral acids. With hydrochloric acid stannous chloride (q.v.) is 
produced, 

Sn + 2HC1 = SnClg + Hg. 

Strong sulphuric acid oxidises it to tin dioxide, which probably 
forms the unstable stannic sulphate, 

Sn + 4HgS04 = Sn(S04)2 + 4H2O + 2SO2. 

The reaction of nitric acid with tin is complex. Dilute nitric acid 
yields stannous nitrate, while stronger and concentrated acid 
yields ^-stannic acid H2Sn50ii.4H20 or (Sn02.H20)5. The chief 
gas evolved is nitrous oxide NgO. Ammonia and nitrogen are 
formed in small proportion and with dilute acids some nitric oxide 
NO. Perhaps the most representative of the several equations to 
be written is 

2Sn + 2HNO3 + aq, = 2Sn02 aq, + NgO + HgO, 
but, of course, several other simultaneous reactions occur. 

Weak acids attack tin only slightly, and hence tin-plated iron 
cans (‘ tins ’) can be used for preserving acid fruits. 

Alkalis attack tin readily. If tin is heated with caustic soda 
sodium stannite is formed (cf . action of zinc and aluminium), 

Sn + 2NaOH = NagSnOg + Hg. 

612. Uses of Tin. — ^Tin is used in enormous quantities for making 
‘ tin plates.’ Thin rolled sheets of mild steel are freed from oxide 
by ‘ pickling ’ them with warm dilute sulphuric acid. They are 
washed and dried, annealed and again pickled. They are passed 
mechanically into a bath of melted tin, on which floats a flux of 
melted zinc chloride (the function of which is to cause the tin to 

B B 2 
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adhere), then out through a part of the bath which is coated with 
molten grease. A pair of rollers squeezes off any surplus metal. 
Other uses of tin are in the manufacture of bronze (§ 279), solder, 
type metal, and bearing metal. 

613. Atomic Weight of Tin. — Dulong and Petit’s rule, the vapour 
density of its volatile compounds and the periodic rule indicate an 
atomic weight of about 120 for tin. Its equivalent being nearly 59 
in stannous and 30 in stannic compounds, its valencies are 2 and 4. 

The atomic weight of tin has been best determined by converting 
stannic chloride SnCl 4 into tin by electrolysis. From this and 
other methods a value of 118*70 has been obtained. Both tin and 
germanium have a large number of isotopes. No less than eleven 
isotopes of tin with atomic weights between 112 and 124 have been 
detected. 

814. Tin Hydride SnH^. — Tin forms a very unstable gaseous hydride, 
SnH^. Traces are formed when tin is dissolved in dilute acid (4N), or 
w’hen stannous suq^hate is electrolysed, or when hydrochloric acid acts 
upon an alloy of tin and magnesium. It has been isolated by con- 
densing it with liquid air and purified by fractionating the liquefied gas. 
The gas decomposes spontaneously to tin and hydrogen at I'oom 
temperature. 

615. Tin Oxides. — There are two oxides of tin : — 

Stannous oxide ..... SnO 
Stannic oxide ..... SnOg 

616. Stannous oxide SnO is made by heating stannous oxalate, 

vO.CO 

Sn< I = SnO + CO + CO*, 

^O.CO 

or by the action of alkalis on stannous chloride solution and careful 
heating of the precipitated stannous hydroxide in absence of air, 
2NaOH + SnClg = Sn(OH )2 + 2NaCl 
Sn(OH )2 = HgO + SnO. 

Its colour varies from brown or dark grey to black. Stannous oxide 
burns in air with incandescence, forming stannic oxide, 

2SnO + 02 = 2Sn02. 

It has otherwise the usual properties of an amphoteric metallic 
oxide, forming salts with acids. 

It dissolves in alkalis giving the so-called stannites, which are 
probably colloidal solutions of the oxide. 

617. Stannic Oxide Sn02 occurs native as cassiterite or tin atone. 
It is prepared by heating tin in air, or by heating the metastannic 
acid obtained when nitric acid acts on tin. 

HgSnjOii . 4H80 = fiSnO, + 6HjO. 
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Tin dioxide is a white powder. It is unattacked by any acids 
except concentrated sulphuric acid, in which it dissolves. The solu- 
tion decomposes on dilution, giving the oxide once more, and may 
contain the unstable stannic sulphate Sn(S 04)2 is attacked 

by alkalis, forming sodium stannate, 

SnOg + 2NaOH == Na^SnOg + H^O 

Stannic oxide is known in commerce as putty pow^der, and is used 
as a polishing medium. When mixed with glass it gives it an 
intensely white colour, and is used to make the white glazes for tiles, 
milk-glass shades, etc. 

618. Stannic Acids. — The stannic acids, like the silicic acids, are of 
somewhat indefinite composition. They may be regarded as hydrated 
stannic oxide, and have a composition varying from SnOa-HjO or 
HaSnOs to SnO^. 2H2O or Sn(OH)4. 

They are probably highly polymerised. There are two modifications 
a-stannic acid and ^-stannic acid. They differ in the ease with which 
they are attacked by acids, etc., but the difference between them is 
perhaps only a difference of size of particles. 

oL-atannic acid is made by the action of ammonia on stannic chloride. 

4NH4OH 4- SnCl4 = 4NH4CI + Sn(OH)4, 
or by the action of acids upon a stamiate, 

Na^SnOg 2HC1 = 2NaCl + SnO(OH)a. 

Note that the formulao of the acids produced by the two methods 
appear different. There is not, however, any apparent difference in the 
product. 

The composition of stannic acid varies with the amount it has been 
dried. At a red heat it forms tin dioxide, 

Sn(OH )4 = SnOa + 2H2O. 

Stannic acid is a gelatinous whitish substance or, if further dried, 
an amorphous powder. It is a colloid like silicic acid and may, like the 
latter, be prepared in a soluble form. 

Staimic acid forms a large series of salts ; the sodium salt is of 
technical importance and is discussed below. Colloidal stannic acid is 
of interest for its information of purple of Cassius {v, under Gold, § 327), 

^-stannic acid is obtained by the action of tin on concentrated nitric 
acid. It differs from a-stannic aeid in that it is not readily dissolved by 
acids. It is of somewhat indefinite composition but appears to be 
H2Sn50ij.4H20 or [Sn02.H20]6, since its sodium salt and potassium 
salts have formulas .4H20. 

619. Sodium Stannate Na^SnOs . SHgO is an article of commerce, being 
used as a mordant in dyeing (v, § 484). It is made by fusing tin with 
caustic soda, sodium nitrate and salt. The sodium nitrate oxidises the 
tin to the dioxide and this reacts with the caustic soda, 

SnOg + 2NaOH = NagSnOs -f HgO. 

It is a white crystalline salt, very soluble in water. It crystallises with 
3 molecules of water, which cannot be removed by drying. The salt 
may therefore be Na2[Sn(OH) J. 
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Salts of Tin 

Tin forms two series of salts, the stannous, in which the metal is 
divalent, and the stannic, in which its valency is four. 

620. Sulphides of Tin. — The sulphides of tin are of some interest 
as occurring in qualitative analysis. Brown stannous sulphide is 
precipitated when hydrogen sulphide is passed through a solution 
of a stannous compound, 

Sn++ + S— = SnS. 

A stannic compound gives a dirty yellow precipitate of stannic 
sulphide, 

Sn++++ + 28— = SnS,. 

These substances are both soluble in yellow ammonium sulphide 
(containing excess of sulphur) to form ammonium thiostannate, 

SnS + S + (NHJaS = (NH 4 ) 2 SnS 3 
SnS, + (NH 4 ),S = (NH 4 ),SnS 3 . 

This property they share with the sulphides of arsenic and antimony 
(q.v.). ‘Stannic sulphide is sometimes used as a bronzing powder, 
‘ Mosaic gold.* For this puipose mixtures of tin, sulphur and 
ammonium chloride are sublimed. 

621. Sulphates of Tin. SnS04, Sn(S04)2. — Both stannous and stannic 
sulphate exist and are made by dissolving the respective hydroxides in 
sulphuric acid. Stannic sulphate is hydrolysed by water. 

Stannoua nitrate (Sn(N03)2 is obtained by dissolving tin in very dilute 
nitric acid. Stannic nitrate Sn(N 02)4 be made by dissolving 
stannic hydroxide in nitric acid. 

There is no carbonate of tin. 

622. Stannous chloride is the most important stannous salt. It is 
readily prepared by the action of tin on hydrochloric acid, 

Sn + 2HC1 = SnCl, + H,. 

Stannous chloride is a white salt, which crystallises in monoclinic 
prisms of composition SnCl2.2Il20. It is soluble in water but 
reacts with it, 

SnCla + HgO ^ Sn(OH)Cl + HCl, 
precipitating basic tin chloride. The addition of HCl causes the 
precipitate to re-dissolve, as the above equilibrium equation would 
lead us to expect. 

Stannous chloride when heated gives off water, melts at 249® and 
boils at about 606® C. 

With alkalis, white stannous hydroxide is formed, 

Sn++ + 20H- = Sn(OH),|. 

which redissolves in excess of alkali, forming a stannite. Hydrogen 
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sulphide precipitates brown stannous sulphide from solutions of 
stannous chloride, 

Sn++ + S— = SnS|. 

It has the usual properties associated with a chloride. 

Stannous chloride is one of the most useful reducing agents. All 
the stannous salts are readily oxidised to stannic compounds. 

Among these reactions we may note the reduction of ferric salts 
to ferrous salts, 

2FeCl3 + SnCla = 2FeCl2 + Sna4, 
or 2Fe+++ + Sn++ = 2Fe++ + Sn++++, 

the reduction of mercuric salts to mercurous salts, and finally 
mercury. Thus, if solutions of stannous chloride and mercuric 
chloride are mixed, white mercurous chloride is precipitated and 
slowly becomes blackened by the separation of mercury, 

SnCi^ + 2HgCl2 = SnCl4 + 

SnCk + HgCla = SnCl 4 + Hg. 

It also reduces cupric salts to cuprous salts. It reduces nitric acid 
to hydroxylamine (§ 705) and is a useful reducing agent in organic 
chemistry. Thus, by shaking nitronaphthalcne with a solution of 
stannous chloride in hydrochloric acid we obtain naphthylamine, 

C 10 H 7 .NO 2 + 6HC1 + 3SnCl2 = C 10 H 7 NH 2 + 2 H 2 O + 3SnCl4. 
Stannous chloride is used also as a mordant in dyeing. 

Stannic chloride was first prepared by the Dutch chemist, Libavius, 
in 1605, and was for long known &8 fuming liquor of Libavius, It is 
now prepared by the action of chlorine upon tin by the method 
described under phosphorus trichloride (Fig. 150). The tin is 
placed in the retort and heated in a current of chlorine, 

Sn + 2 CI 2 = SnCl 4 . 

The liquid stannic chloride is condensed. 

Stannic chloride resembles the chloride of a non-metal in its 
physical properties. It is a colourless mobile liquid of sharp, 
unpleasant odour. It emits dense white fumes when exposed to 
moist air. Stannic chloride boils at 114° C. 

The action of moisture converts it into a solid hydrate, SnC^. 
SHgO, and the reaction with much water forms a clear solution from 
which basic chlorides and finally a-stannic acid are precipitated, 
SnCl 4 + H 2 O ^SnCl 3 (OH) + HCl 
SnClgOH + 3 H 2 O ^Sn(OH )4 + 3HC1. 

It thus resembles such covalent chlorides as those of aluminium, 
arsenic and antimony rather than those of the heavy metals, which 
are ionic compounds and true salts. 
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Stannic chloride forms double salts, such as SnCl4.2NH4Cl 
(‘ pink salt ’). This is ammonium stanni chloride (NH 4 ) 2 SnClg, 
analogous to potassium fluosilicate KgSiEg. The salt is used as a 
mordant in dyeing. The acid HgSnClg.bHgO is known. 

The bromides of tin much resemble the chlorides. 

623. Detection of Tin. — Tin is detected by the precipitation of its 
sulphides from an acid solution. The sulphides are distinguished from 
those of mercury, copper, load, bismuth and cadmium by their solu- 
bility in ammonium sulphide. From arsenic and antimony sulphides it 
may bo distinguished by converting them into tlie higher chloride, and 
then precipitating stannic hydroxide with ammonia. Antimony and 
arsenic under these conditions form the soluble arsenate and 
antimonate and give no precipitate. 

624. Estimation of Tin. — Tin is estimated in various ways. Stannous 
salts are readily titrated with iodine according to the reaction 

Sn++ -f- 21 == Sn++++ -f 21- 

Stannic salts may be reduced by heating them in acid solution with 
sheet nickel, 

Sn++++ -f Ni = Sn++ -f- Ni‘*‘**‘, 

and then titrated iodimetrically as above. 

Tin may bo estimated gravimetrical ly in its alloys by oxidising the 
metal to ^-stannic acid with nitric acid, other metals forming soliible 
nitrates. This is filtered off and ignited and weighed as tin dioxide. 
Its salts may be oxidised, if need be, to the stannic condition, precipi- 
tated as stannic hydroxide, which is ignited and weighed as the dioxide. 

LEAD Pb, 207*21 

625. History. — The metal lead has been known from very remote 
times. The Egyptians were acquainted with it at a very early date. 



Fio. 123. — Reverberatory furnace for smelting of lead. 


The Romans worked lead extensively and made lead pipes up to 
9 inches diameter. Lead was associated with the planet Saturn, 
perhaps because the heaviness and softness of lead suggested the 
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slowest moving planet and also, perhaps, because the colour of the 
metal suggested the peculiar light of that planet. The sign ^ 
represents both lead and Saturn. 

626. Occurrence. — ^Lead ores are of wide distribution. Lead is 
found in almost every part of the world. In England the chief 
localities are Alston Moor, in the north where Cumberland, North- 
umberland and Durham meet, and also parts of Derbyshire. The 
most important ores are galena^ lead sulphide ; ceruasite, lead 
carbonate ; and anglesite, lead sulphate. 

627. Manufacture. — Lead is obtained from galena — 

(i.) by air-reduction ; 

(ii.) by roasting and smelting. 

(iii.) by reaction with scrap-iron. 

Numerous processes are employed in different parts of the world, 
but the Flintshire process may be taken as a t3q)ical simple method 
of smelting. 

The ore is placed on the bed of a reverberatory furnace (Fig. 123) 
and slowly heated up until it melts. A part of the galena oxidises, 

2PbS + 3O2 = 2PbO + 2SO2 
PbS + 2O2 = PbSO^, 
and then reacts with the melted galena, 

PbS + 2PbO = 3Pb + SO2 
PbS + PbS04 = 2Pb + 2SO2. 

Lime is then added and the earthy matter, silica, etc., combines with 
it to form a slag. At the end some coal-slack is added, the heat 
from which melts the slag, which floats on the molten lead and is 
skimmed off. The lead is ladled out into pots. 

The lead often contains antimony, copper, etc., which make it 
hard. It is purified by melting it and exposing it to a current of hot 
air. The other metals are oxidised and are raked off as a scum of 
oxides. The lead is now de-silverised (§ 300) — for silver is always 
contained in lead ore — and then is fit for use. 

628. Properties of Lead. — Lead is a blue-grey metal. Its lustre 
is only seen on a newly-cut surface. The clean metal oxidises very 
quickly, but the action ceases as soon as it is coated with a film 
of oxide. Lead has a peculiar odour when rubbed between the 
fingers. Lead may readily be obtained in a crystalline state by 
precipitation. If a zinc rod be hung in a weak solution of lead 
acetate, the ‘ lead tree,’ a mass of arborescent crystals, is produced 
as a result of the reaction, 

Zn + Pb(C2H302)2 - ZnCCgHaOa)^ + Pb. 

Lead is very soft. It can be scratched with the finger nail and it 
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leaves a mark upon white paper. It is made harder by traces of 
impurities, in particular, antimony. 

Lead is very dense, the sp. gr. being 11*34-11*37 at 4®C. It 
has a high coefficient of expansion, 0*000037, and very low specific 
heat, 0*0303 at 0® C. Lead melts at 325° C. and boils at about 
1,150° C. 

Lead is not oxidised in the compact state except in so far as to 
form a superficial coating, thought to be a lower oxide. When 
melted in air it is oxidised and is gradually converted into lead 
monoxide, litharge^ 

2Pb + O, == 2PbO. 

Clilorine and sulphur both attack lead when heated, forming the 
chloride PbClj, and sulphide PbS, respectively. 

Lead is slightly attacked by water containing air in solution, the 
hydroxide and carbonate being formed. This is a serious menace 
where much lead piping is used for water supplies, for lead is a 
cumulative poison, and minute amounts taken daily may prove 
dangerous. Hard water does not affect lead, for a layer of lead 
carbonate formed on the surface arrests the action. Moorland 
water containing traces of free organic acids is the most dangerous. 

Lead is not appreciably attacked by acids other than hot strong 
hydrochloric acid, nitric acid and hot concentrated sulphuric acid. 
It is therefore a useful material for industrial purposes where acid- 
proof tanks, etc., are required. Boiling hydrochloric acid forms 
lead chloride, 

Pb + 2HC1 == PbCljj + 

and nitric acid the nitrate, nitric oxide and nitrogen peroxide being 
formed as the chief gaseous products, 

3Pb + 8HNO3 = 3Pb(N03)3 + 2NO + 4H3O. 
Concentrated nitric acid has not much action on lead, for lead nitrate 
is insoluble in the concentrated acid and forms a protective coating. 

Concentrated sulphuric acid, if hot and over 60 per cent, strength, 
attacks lead, though the action is somewhat retarded by the coating 
of insoluble sulphate produced, 

Pb + 2H3SO4 == PbSO* + 2H3O + SO*. 

629. Uses of Lead. — ^Lead finds its chief uses in the manufacture 
of sheet lead for roofing, lead piping, shot, solder, etc. Its resistance 
to corrosion renders it useful in constructing chemical plant of 
various kinds, sulphuric acid chambers, etc. 

680. Atomic Weight of Lead. — ^The exact atomic weight of lead 
is of particular interest because of its variation with the source from 
which the lead is derived. The end product of the decomposition of 
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the three series of radio-elements (p. 795) is in each case lead, but 
calculation shows that the lead derived from uranium should have 
an atomic weight of about 206, while that from thorium should 
have atomic weight 208*4. The examination of lead from different 
sources indicates that these values are correct, for the atomic weight 
of lead derived from uranium minerals appears to be nearly 206*0- 
206*1, that of ‘ ordinaiy * lead is about 207*2, while lead from 
thorium minerals has been given values as high as 207*9 and 208*4. 
The equivalent of lead is about 103*5 in its normal salts. Dulong 
and Petit’s lawdndicates a value of about 200. Its analogy to tin 
and consequent position in the Periodic table confirm this value, as 
do the vapour densities of some organic lead compounds, such as 
lead tetra-ethyl Pb(C 2 H 5 ) 4 . 

The exact atomic weights have usually been determined by 
finding the weight of silver chloride precipitated from silver nitrate 
solution by highly purified lead chloride. 

The atomic weight of ordinary lead from non-radioactive sources 
has a constant value, which is best taken as 207*22. 

Three isotopes of lead, of atomic weights 206, 207, 208, are known 
to exist. 

Compounds of Lead 

631. Lead Hydride. — A volatile lead hydride, possibly analogous to 
tin hydride SnH 4 , has boon reported. Its existence seems uncertain. 

682. Oxides of Lead. — There are five oxides of lead — 


Lead suboxide 

. Pb*0 


Lead monoxide 

. PbO 

Litharge. 

Triplumbic tetroxide 

. PbaO. 

Red lead. 

Lead sesquioxide . 

. PbA 


Lead dioxide 

. PbO, 



633. Lead Subozide is of small importance. It is made by heating 
lead oxalate out of contact with air, 

2 Pb(C. 04 ) = PbjO + CO + 3CO,. 

Stability of Oxides , — ^As a rule, where an element has several 
oxides, each of these at temperature above, say, 200° C. to 300° C., 
exerts a measurable dissociation pressure of oxygen in consequence 
of a reaction such as 

2Ma0,^4M0 + 0,. 

If this dissociation pressure is less than the partial pressure of 
oxygen in the surrounding atmosphere (0*2 atm. in air) oxygen will 
combine with MO and form MiOg. If it is greater, then M^O) will 



476 


SILICON, TIN AND LEAD 


decompose giving MO. The dissociation pressure always increases 
as the temperature rises. 

With the lead oxides, it follows from the above that only one 
oxide will be permanently stable at equilibrium at any one tem- 
perature. 

Thus, lead monoxide, PbO, is stable in air above 550° C. ; lead 
sesquioxide, PbgOg, is stable in air from 450® C. to 550® C. ; red lead, 
Pb 304 , is stable in air from 350® C. to 450® C. Accordingly, any of 
these oxides can be made by heating any oxide of lead to the above 
temperatures in air till reaction ceases — often a slow process. 

Lead dioxide is not stable in equilibrium with oxygen at any 
temperatures ; it only exists permanently at room temperature 
because its rate of decomposition is so slow as to be inappreciable. 

In the same way, lead monoxide is permanent in air at room 
temperature because its reaction with oxygen is then almost 
infinitely slow. 

634. Lead Monoxide, Litharge, Massicot, PbO. — Litharge and 
massicot are chemically the same, but the former has been made at a 
temperature high enough to fuse it, while the latter is prepared at a 
moderate temperature only. 

In the laboratory lead oxide may be made by heating the car- 
bonate, nitrate or hydroxide. 

On the commercial scale it is made by heating lead to a high 
temperature and continually skimming off the melted litharge as it 
is produced, 

2Pb + 02 = 2PbO. 

The litharge then only requires to be ground. 

Litharge is a pale yellow to reddish yellow solid of high density 
(sp. gr. about 9*1). The colour varies a good deal, and it is clear 
that two forms, yellow and reddish respectively, exist. When 
heated to redness it fuses to a clear yellow liquid. Litharge is easily 
reduced to lead when heated in a current of hydrogen, 

PbO + H 2 = Pb + H 2 O. 

Litharge has the usual reactions of a basic oxide, forming salts with 
acids, etc. It also reacts with alkalis, forming plumbiies, 

2NaOH + PbO == NagPbOg + HgO. 

It finds uses in glass making {v, § 600), and in the manufacture 
of lead salts. 

635. Triplumbic Tetroxide, Red Lead, Minium, Pb 304 . — Bed lead 
was known to the ancients as a pigment. It is prepared by con- 
verting lead at a low temperature into massicot, unfused lead oxide, 
and then after grinding this finely, heating the lead oxide to a care- 
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fully regulated temperature in special ovens. The process is slow, 
occupying some hours, 

6PbO + 02 = 2 Pb 304 . 

Red lead is a brilliant red crystalline powder. Wlien heated it 
changes colour, becoming almost black ; the colour, however, 
returns on cooling (cf. mercuric oxide). Further heating converts 
it into the monoxide, 

2Pb304 = 6PbO + Og. 

Nitric acid converts it into lead nitrate and lead peroxide, 

Pb304 + 4HNO3 = 2Pb(N03)2 + PbOa + 2H2O. 

In this and other respects it behaves as if it were a compound of lead 
monoxide and dioxide, perhaps lead plumbate Pb 2 .Pb 04 . 

Hydrochloric acid forms lead chloride and chlorine is evolved, 
Pb304 + 8HC1 = SPbClg + 4 H 2 O + Clg. 

Red lead finds numerous uses. In oil paints it is at once a fine 
red pigment and a ‘ drier.’ As a pigment it is not very permanent. 
Vermilion is much superior but far more expensive. Red lead, 
mixed with oil, is used as a cement for jointing pipes, etc. It is also 
used in glass manufacture. 

636. Lead Sesquioxide, PbjOa is, a yellowish-red powder, similar in 
behaviour to red lead. 

637. Lead Dioxide, Lead Peroxide, Pb02. — ^Lead dioxide, often 
incorrectly called lead peroxide, is made — 

(1) by the action of nitric acid on red lead ; 

(2) by the action of an alkaline oxidising agent, such as bleaching 

powder on a lead salt. 

(1) The first method gives a poor yield, but presents no diffi- 
culties : 

Pb804 + 4HNO3 = 2 Pb(N 03)2 + I'bOa + 2H2O. 

The lead dioxide is filtered off, washed and dried. 

(2) The process is conveniently carried out as follows : A sohition 
of lead acetate in water is mixed with an excess of a suspension of 
bleaching powder and heated on the water-bath. The supernatant 
liquid is decanted from the heavy brown precipitate, 

Pb(C2H302)2 + Ca(0H)2 = Pb(0H)2 + Ca(C2H302)2 
Pb(0H)2 + CaOCl2 = PbOg + HgO + CaCl2, 
which is then well stirred with hot dilute nitric acid in order to 
remove any bleaching powder. It is then filtered off, well washed 
and dried. 

Lead dioxide is a dark reddish-brown powder. The commercial 
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material usually contains lower oxides which may be removed by 
extraction with warm dilute nitric acid. When heated, it is readily 
decomposed into lead monoxide and oxygen 

It is a powerful oxidising agent. Many inflammable substances 
burn violently or explode when heated or ground with it. 

Lead dioxide is unaffected by dilute acids, but hydrochloric acid, 
when heated, is oxidised to chlorine, 

PbOa + 4HC1 = PbCla + 2 H 2 O + Clg. 

Lead dioxide, however, dissolves in cold hydrochloric acid and 
probably forms lead tetrachloride (§ 649a), 

PbOa + 4HC1 = PbCl4 + 2 H 2 O. 

With alkalis lead dioxide forms plumbates, analogous to the 
stannates. 

Lead peroxide flnds an important application in the accumulator. 

The accumulator consists in its simplest form of two perforated lead 
plates, the perforations in which are filled with a paste of lead oxide. 
When these are immersed in dilute sulphuric acid the lead oxide is 
converted into lead sulphate. When a current is passed through a cell 
consisting of two such plates immersed in dilute sulphuric acid the 
latter is not electrolysed, for the over-voltage is such that the load 
sulphate is electrolysed instead. Lead is produced at the cathode and 
the sulphate group liberated at the anode oxidises the lead to the 
disulphate which decomposes, giving the peroxide, 

PbS 04 + SO 4 = Pb(S 04)8 
Pb(S04)j + 2HjO = PbO, -f 2H,S04. 

\^Tien all the lead sulphate has gone the dilute sulphuric acid is next 
elcjctrolysed and * gassing * commences. 

The accumulator has now one plate of lead and one of lead peroxide 
and is said to be charged. It shows an E.M.F. of about 2 volts. 


At the lead plate lead combines with sulphate ion, forming lead 
sulphate and liberating electrons, while at the lead peroxide electrode 
the hydrion of the acid, H+, combines with the electrons of the 
current, forming hydrogen, which reduces the lead peroxide to lead 
oxide, and this combines with the acid, forming lead sulphate. 
The accumulator thus becomes discharged and the coating on its 
plates reconverted into lead sulphate. 

Charge 

I Source of current 1 

— Pb (OPbSO^ + SOr « Pb(S04), + 2G 

(ii) PbfSO^), ^ 2H,0 « PbO, 2 H 2 SO 4 


Discharge 


Resistance 


Pb ^ so;-* PbSOi + 20 


20 + PbO, « Hfi ^ PbO 
PbO + H,S04 « PbS04 ^ H 2 O 
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The E.M.F. of the cell remains remarkably constant during dis- 
charge. This is due to the small solubility of lead sulphate, which 
keeps the concentration of lead ion small and nearly constant. 

638. Lead Hydroxide Pb(0H)2 is a white solid, prepared by the 
action of an alkali on a soluble lead salt. 

When heated it yields lead monoxide. It dissolves in acids, 
forming lead salts, and in alkalis, forming plumbites, e.gr., KgPbOg. 

639. General Properties of Lead Salts. — ^Lead salts are in genera] 
colourless. They are poisonous (§ 641). In solution they furnish 
the lead ion, Pb++. Solutions containing this ion give several 
characteristic reactions. Lead is precipitated from these solutions 
by zinc and other electropositive metals. Many lead salts are 
insoluble in water and many characteristic precipitates are therefore 
produced from lead salts. 

With chlorides white lead chloride PbClg, soluble in hot water, is 
precipitated. 

The yellow chromate PbCr 04 and the yellow iodide Pbig are 
obtained when solutions of lead salts are mixed with solutionj^ of 
chromates (not too acid) or iodides, respectively. 

With alkalis, white lead hydroxide, soluble in excess of alkali, is 
precipitated. Hydrogen sulphide precipitates black lead sulphide 
PbS. Sulphuric acid or sulphates precipitate the white lead 
sulphate PbS 04 . 

640. Lead Carbonate, White Lead, SPbCOs • Pb(OH) 2 . — ^Normal 
lead carbonate PbCOg is a common mineral known as cerussite. 
Lead carbonate, as prepared by precipitation or by the commercial 
methods described below, is always a basic salt. 

The commercial lead carbonate — white lead — ^is made by a 
peculiar process. While there are numerous much simpler chemical 
methods of making lead carbonate, it cannot by any of them be 
produced in the same state of fine subdivision and opacity which 
gives to white lead its great covering •power and consequent value as 
a pigment. 

The English process, as it is called, is carried out as follows : Lead 
is cast into sheets perforated like gratings and also into small 
‘ stars ’ or ‘ buckles.* 

In brickwork chambers, say about 15 feet square and 25 feet high, 
there is built up a ‘ stack ’ composed as follows : First a layer of 
ashes (A), then a layer (B) of spent tan bark (the moist residue of 
oak bark, etc., from which tannin has been extracted). This tan 
bark ferments, and in so doing becomes hot and gives off carbon 
dioxide. On a bed of this tan, 3 feet deep, are set pots partly filled 
with dilute acetic acid (2-3 per cent.) and containing some of the 
small leaden * stars * or * buckles.’ On top of the pots are laid the 
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gratings of metallic lead, forming a layer about 5 inches deep, and 
above these wooden boards supported on the taller pots which stand 
round the outside of the stack. On top of all this is built up another 
bed of tan, pots, lead, etc., and these beds are repeated up to the 
top of the stack. The temperature is carefully regulated by venti- 
lation and the stack is left for three months. 

The tan ferments, becoming hot and producing carbon dioxide 
and moisture. The heat volatilises some acetic acid . The heat and 
moisture probably first cause the lead to form the hydroxide, and the 



Fig. 124. — ^Manufacture of white lead. 


acetic acid then causes the formation of basic lead acetate, which is 
again decomposed by the carbon dioxide produced by the fermenta- 
tion, so forming white lead and acetic acid, which once again attacks 
the lead. 

The chemical reactions may be : 

(1) 2Pb + 2 H 2 O + 02 = 2Pb(OH)2. 

(2) Pb(0H)2 + 2C2H4O2 = Pb(C 2 H 302)2 + 2H2O. 

(3) 2Pb(C2H302)2 + Pb(OH)2 = Pb(0H)2.[Pb(C2H302)2]2. 

(4) Pb(0H)2.[Pb(C2H302)2]2 + 2 CO 2 + 2 H 2 O 

= Pb(0H)2.[PbC03]2 + 4 C 2 H 4 O 2 . 

The stack is finally taken down and the white lead is separated 
from the unchanged metal and finely ground. 

White lead has the ordinary chemical properties of a basic car- 



XIV. Crystal of Galena (PbS). (Not(* Octuliedrul 
FfU'O on (^ibic (^rystaJ.) 


[To face p. 480. 
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bonate (cf. § 567). White lead is remarkable for its singular cover- 
ing power, which makes it by far the best white pigment. Its dis- 
advantages are, first, its ready discoloration by hydrogen sulphide 
— always present in town air — in consequence of the formation of 
brown-black lead sulphide and, secondly, its poisonous character. 

641. Lead Poisoning. — Lead compounds are all poisonous. They 
are cumulative poisons, producing in those who take small quantities 
of lead for long periods, first colic, then fits, paralysis and ultimately 
death. It has been stated that it is impossible to poison a man with 
a single dose of a lead salt, however large ; the author does not 
recommend the student to take the risk. 

Lead compounds are therefore dangerous to those who work with 
them habitually. The worker with lead only suffers if he actually 
takes it into his system, and accordingly those who inhale lead-con- 
taining dust, such as painters and employees in white lead works, are 
the chief sufferers. If thorough cleanliness is observed and dust is 
kept down, the poisoning is avoidable. Efforts have been made to 
prohibit the use of lead paint, but these have not proved altogether 
successful. 

642. Lead Acetate Fb(C 2 H 302 ) 2 . — ^Lead acetate is perhaps the 
most important lead salt. It is prepared by boiling acetic acid and 
litharge in leaden pans and allowing the liquid to crystallise. 

It is a white crystalline salt. It has a sweet taste and is therefore 
known as ‘ sugar-of-lead.’ It is very soluble in water. 

It finds a use in medicine, in dyeing as a mordant, and wherever a 
soluble lead salt is needed — in the laboratory or in the chemical work 
works. 

Lead acetate forms two basic acetates when boiled with litharge 

Pb(C2H302)2 + PbO + 2 H 2 O = Pb(C 2 H 302 ) 2 .Pb( 0 H) 2 .H 20 . 

A solution of the dibasic acetate is employed in medicine as a lotion 
for the treatment of skin diseases. 

643. Lead Nitrate Pb(N 03)2 is prepared by the usual methods and 
forms white crystals. It is used in the laboratory to prepare nitro- 
gen peroxide by the reaction 

2Pb(N03)2 = 2PbO + Oa + 4 NO 2 . 

For this purpose it has the advantage over other nitrates in that it 
has no water of crystallisation. 

644. Lead Sulphide PbS. — Lead sulphide is found native as 
galena (Plate XIV.). It may be made artificially by^ the action of 
hydrogen sulphide on a solution of a lead salt, 

Pb(C2H302)2 + H 2 S = PbS + 2 C 2 H 4 O 2 . 
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It is a black solid, insoluble in water and in dilute acids, but is dis- 
solved by hot concentrated hydrochloric acid (v, § 647), 

PbS + 2HC1 ^ PbClg + HgS. 

Nitric acid oxidises it to the nitrate and sulphate. 

646. Lead Sulphate PbS 04 is one of the few insoluble sulphates. 
It is readily prepared by the addition of sulphuric acid to a solution 
of a soluble lead salt. It is used as a means of estimating lead 
gravimetrically. 

646. Lead Chromate PbCr 04 is a useful pigment, known as 
chrome yellow. It is formed when a solution of a lead salt is mixed 
with a solution of a chromate. Lead chromate is a valuable yellow 
pigment and is much used for the cheaper yellow paints. It is not 
fully permanent, orpiment (arsenic trisulphide) being superior to it in 
this respect. When treated with lime a basic chromate, chrome red^ 
results. 

647. Lead Chloride PbClg is found native. It is readily prepared 
by the action of hydrochloric acid on lead oxide or carbonate, or by 
precipitation when a solution of a lead salt is mixed with hydro- 
chloric acid. 

Lead chloride is nearly insoluble. in cold water (c. 1 : 100) but more 
soluble in boiling water (3 : 100). It is therefore readily crystallised 
and forms white silky needles. The solubility of lead chloride in 
hydrochloric acid is of interest. It is less soluble in moderately 
concentrated acid than in w’^ater, owing to the common ion effect 
(§ 118). With strong hydrochloric acid the lead ion forms a com- 
plex ion, PbCl 4 — , and the salt dissolves more readily. The forma- 
tion of this complex ion gives the reason why lead sulphide dissolves 
in concentrated hydrochloric acid (cf. §§ 120, 902). The chief 
interest of lead chloride is that it is one of the few sparingly soluble 
or insoluble chlorides, and thus its formation from cold solutions of 
lead salts and hydrochloric acid is characteristic of the metal and 
made use of in qualitative analysis. 

648. Lead Iodide Pbl^ is a golden-yellow salt, resembling the 
chloride in that it is nearly insoluble in cold water (1 : 1,000), but 
somewhat more soluble in boiling water. It forms a colourless 
solution. 

649. Basic Lead Salts. — On diluting solutions of several lead salts or on 
boiling them with lead oxide basic salts are formed. Thus several basic 
lead chlorides, basic lead nitrates and basic lead acetates are all known. 

649a. Quadrivalent Lead Compounds. — In addition to lead dioxide 
(already mentioned) and certain organic compounds, such as lead tetra- 
ethyl, the tetrachloride and tetra-acetate deserve some mention. 

If lead dioxide is dissolved in ice-cold concentrated hydrochloric 
acid, no chlorine is evolved. The deep yellow solution contains the 
acid HgPbClg, and on addition to this of a concentrated solution of 
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ammonium chloride a yellow salt, ammonium plumbichloHiU 
(NH 4 )jPbClj separates 

PbOj + 4HC1 PbCl 4 4- 2HaO 
PbCl* + 2HC1 = HaPbClg 
2 NH 4 CI + HaPbCle^ (NH 4 ) 2 PbCle + 2HC1. 

This salt is stable up to 115® C. and can be filtered off and dried. 

When this salt is added to well-cooled concentrated sulphuric acid, 
lead tetrachloride separates as a yellow mobile liquid of density 3-18. 

(NH 4 )aPbCl 4 + H 2 SO 4 == (NH4)aS04 + 2HC1 + PbC^. 

It rapidly decomposes at room temperature to lead chloride and 
chlorine. In presence of water it forms lead dioxide and hydrochloric acid. 

Lead tetracetate Pb(C 2 H 303)4 is readily made by dissolving red lead 
in warm concentrated acetic acid. On cooling, white needles of the 
salt separate. Water hydrolyses it to lead dioxide ; concentrated 
hydrochloric acid gives the tetrachloride. 

650. Detection and Estimation of Lead. — ^Lead salts are detected 
by their giving with hydrochloric acid a precipitate soluble in hot 
water but not in cold ; and also by their giving with potassium 
chromate a vivid yellow precipitate of lead chromate {q.v., § 646). 

Lead is usually estimated by precipitating it as sulphate and 
weighing it as such. 

SUB-GROUP IV. A 

661. Sub-group IV. A 0 ! the Periodic Table. — The elements of the sub- 
group IV. A, Titanium, Zirconiiun, Hafnium and Thorium, form a 
well-marked group. Their resemblance to silicon is noticeable, particu- 
larly in respect of their oxides, TiO^, ZrOg, HfOa, ThOj, which in the 
first three cases have some acidic properties and show a likeness to 
silica. The hydroxides, Ti(OH) 4 , etc., form sols and gels like silicic acid. 
The metallic properties are not very well marked but are most so in the 
case of thorium. While the elements themselves have a metallic lustre 
and electrical properties characteristic of metals, their compounds have 
the character of metalloids, the metallic character becoming more 
marked with increase of atomic weight. Thus the chlorides are volatile 
substances decomposed by water and the oxides have decided acidic 
properties. 

The atomic structure of this group of elements is shown in the 
accompanying table : — : 
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The close resemblance in structure is notable. The structure 
resembles that of Group IV. B in that the outermost electrons con- 
sist of two pairs, but differs from it in that the atoms have an incom- 
plete core and therefore present the phenomena of variable valency 
in a more marked degree. 

TITANIUM Ti, 47-90 

652. Occurrence. — Titanium does not occur free. It is widely 
distributed in rather small quantities, but is chiefly found as rutile, 
impure titanium dioxide TiOj, and ilmenite, ferrous titanate FoTiOg. 
It is estimated that on account of its occurrence in igneous rocks, of 
which the greater part of the earth is composed, it is actually about the 
tenth commonest element. 

653. Preparation. — Pure titanium dioxide is obtained by dissolving 
rutile in nearly concentrated sulphuric acid, the imstable titanic 
sulphate being formed together with ferrous and ferric sulphates. 
The mass is taken up in a little water, leaving most of the iron salts 
imdissolved. On dilution titanic hydroxide is precipitated before the 
iron comes down. Tlie hydroxide is washed free from iron with slightly 
acid water, dried and ignited. 

Tho element titanium may be prepared by reducing titanium 
dioxide aluminothermically (§ 480), or better, by heating the liquid 
titanic chloride with sodium in a steel bomb of great strength, 

TiCL 4- 4Na == 4NaCl -f Ti. 

The element has little importance, but its alloy with iron ferro- 
titanium is used in making titanium steels, which have great resistance 
to wear. The alloy is made by melting iron and aluminium together 
and adding rutile to the mixture. The aluminium reduces this to 
titanimn, which alloys with the iron, 

4A1 4- 3TiO, = 2A1^03 4- 3Ti. 

654. Properties of Titanium. — ^Titanium has a metallic lustre. Its 
density is about 4-5. It melts at about 2,000° C. The metal is d\ictile 
when pure, and it is a good conductor of electricity. 

In its chemical properties it resembles silicon. Thus it bums in 
oxygon to titanium dioxide. At high temperatures it decomposes 
water, forming the oxide and hydrogen. 

Acids do not attack the metal readily. Hot dilute sulphuric acid 
yields one of the lower sulphates and hyiogen. Nitric acid oxidises it 
to titanic acid Ti(OH) 4 , or to titanium dioxide TiOj. Concentrated 
sulphuric acid forms the mistable disulphate Ti(S 04 )t and sulphur 
dioxide. 

655. Valency of Titaninm Componnda. — Titanium forms three series 
of compounds in which it is divalent, tervalent and quadrivalent 
respectively. The first two are powerful reducing agents. The 
divalent and tervalent salts are coloured, a phenomenon typical of 
transition elements. 

656. Oxides of Titanium. — ^The oxides TiO and TigO, and the corre- 
sponding hydroxides exist. They are powerful reducing agents. Tho 
ordinary oxide is titan iimi dioxide TiO 2 . 

657. Titanium Dioxide Ti02 occurs native, as rutile (brookite, 
anatase)* It is prepared in a pure state by the method described in 
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§ 653 , above, and also by heating the native forms contaminated with 
iron titanate in a mixture of hydrogen chloride and chlorine. Ferric 
chloride volatilises and passes on, leaving the pure titanium dioxide, 
2FeTi03 + 4 HC 1 + Cl^ = 2F0CI3 + 2Ti03 + SHgO. 

Titanium dioxide is a white powder when pure. It is very stable and 
is only reduced with great difficulty. Some acids attack it, but not 
readily, foiming titanic compounds. When fused with alkalis titanates 
(v . § 658 ) are formed. Titanium dioxide is widely used as a white 
i:)igment — titanium white — which is quite non-poisonous and unaffected 
by hydrogen sulphide. 

658. Titanium Hydroxide, Titanic Acid, Ti(0H)4 or H 4 Ti 04 . — Titanic 
acid much resembles silicic acid. It is conveniently made by the action 
of alkalis on titanium tetrachloride. 

TiCl4 + 4NH4OH = Ti(OH)4 -f 4NH4CI. 

It fonns a white precipitate. 

Titanic acid can also, like silicic acid, be prepared as sols and gels. 

Titanates are known, derived from orthotitanic acid H4Ti04, and also 
from metatitanic acid HgTiOg. Calcium titanate CaTiOg perowskite, 
is a not uncommon mineral, as is also ilmenite FeTiOg. The titanates 
show a strong resemblance to the silicates. 

659 . Titanium Halides. — Titanium fluoride TiF4 is known. It forms 
fiuotitanates analogous to the fiuosilicates (§ 603 ). 

Titanium Dichloride TiClg, formed by the decomposition of titanium 
trichloride in vclcuo, 2TiCl3 = TiCIa + TiCl4 , is a powerful reducing 
agent, as is also 

Titanium Trichloride TiCl3. This salt has a violet colour. The solid 
salt is prepared by passing a mixture of titanium tetrachloride and 
hydrogen through a heated tube, 

2TiCl4 + Ha == 2 TiCl 3 + 2 HC 1 . 

The violet solution of the salt obtained by electrolytic reduction of 
titanium tetrachloride finds a use in volumetric analysis as a direct 
means of titrating ferric iron. The solution has to be preserved from 
oxidation by the air in a piece of apparatus similar to that illustrated 
in Fig. 89 . When run into a solution of a ferric salt the titanium 
trichloride is oxidised and the iron reduced. 

Ti+++ -b Fe+++ = Ti++++ + Fe++ 
or TiCla + FeCla = TiCl4 + 

The end-point is found by taking out drops and mixing them with drops 
of sodium thiocyanate on a white tile. When all the ferric iron is 
reduced &nd the reaction is complete no red coloiu* is produced. 
Titanous chloride is used for estimating many other oxidising agents. 

Titanium Tetrachloride^ Titanic Chloride substance is 

prepared by passing chlorine over a mixture of titanium dioxide and 
carbon. 

2CI2 -f TiOa + C = TiCl4 + COg. 

The chloride volatilises and is condensed. It should be redistilled to 
remove ferric chloride derived from iron present in the oxide. 

Titanium tetrachloride is a heavy colourless mobile liquid boiling at 
135 ® C. It fumes in air and when mixed with water gives basic clilorides 
and finally orthotitanic acid (cf. stannic chloride). 

TiCl4 + H3O ^ TiCl3(OH) -f HCl 
TiCl3(OH) + H3O ^ TiCla(OH)g + HCl, etc. 



486 


SILICON, TIN AND LEAD 


In presence of sufficient hydrogen chloride little dissociation takes 
place and crystalline hydrates can be prepared. 

Its properties are, on the whole, less like those of a metallic chloride 
than are those of stannic chloride, and more metallic in character than 
those of silicon tetrachloride. 

660. Ozy-salts of Titanium. — ^The sulphate of trivalent titanium 
Ti2(S04)3 exists and forms red and violet alums with rubidium and 
caBsium sulphates. Titanic sulphate has not been obtained pure, but a 
titanyl sulphate (TiO )S04 is known. It is doubtful if any other oxy-salts 
exist, except possibly phosphates. 

661. Detection. — ^A titanic compound, such as titanic sulphate, gives 
with hydrogen peroxide a deep orange colour due to pertitanic acid 
H4Ti05, 

Ti(S 04)2 + 4H20^Ti(0H)4 + 2 H 2 SO 4 

Ti(OH)4 + H2O2 ^ TiO(OH)4 + HjO. 

The reaction serves also as a test for hydrogen peroxide. 

ZIRCONIUM Zr, 91-22 

Zirconium is not by any means a rare element, being widely distri- 
buted in the rocks of the earth’s crust. It is foimd in the form of the 
dioxide zirconia and also as zirconates. Zirconium silicate, zircon^ is 
also found. 

662. Preparation of the Element. — Pure zirconia may be reduced to 
the metal by heating it with calcium, 

2Ca -f 2Zr02 == CaZrO, + Zr + CaO. 

663. Properties of Zirconium. — Zirconium exists in two forms, 
amorphous and crystalline. Crystalline zirconium is hard and brittle 
and has a metallic lustre. It melts at about 1,700° C. Its conductivity 
is about that of iron. Its physical properties are then those of a 
metal. 

In its chemical properties zirconium strongly resembles silicon. 
Heated in oxygen it burns at high temperatures, forming zirconia 
ZrOj. Both zirconium and titanium readily form nitrides. 

Acids, in general, have little effect upon zirconium, but hydrofluoric 
acid readily forms the tetrafluoride ZrF4. 

664. Zirconium Dioxide ZrO^. — Zirconium dioxide, zirconia ZrO,, 
is foimd native as baddeleyite. Its properties resemble those of silica in 
many respects. It is hard, very infusible, and non-volatile, and has a 
low coefficient of expansion. 

The crystalline material is very stable and is attacked only very 
slightly by acids other than hydrofluoric. The amorphous material 
made by heating the hydroxide dissolves fairly readily in acids. 

Zirconium hydroxide Zr(OH)4 is readily made by the action of 
ammonia on zirconium salts. It can be obtained as sols and gels. It 
is amphoteric, giving salts with acids and zirconates with alkalis. 

The zirconates are mostly mixed oxides rather than true salts. 

665. Salts of Zirconium. — ^Three chlorides are known, ZrClg, ZrC^, 
ZrCL, but only the last has any importance. 

Zirconium tetrachloride is made by the action of chlorine and sulphur 
diioride on heated zirconium silicate (zircon). The tetrachlorides of 
zirconium and silicon are foimd a^id ai'e sepaxated by distillation. 
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Zirconium chloride forms white fuming crystals volatile at 300° C. 
In solution it hydrolyses to the oxychloride ZrOCljHaO, 

ZrCl4 + HgO = ZrOClj + 2HC1. 

Several zirconium sulphates exist, but most of them appear to be 
basic ziroonyl compounds of the type ZrOXg. The normal sulphate 
Zr(S04)2 however, known and forms an insoluble double sulphate 
with potassium sulphate. This affords a test for zirconium. 

Zirconium silicate ZrSi04 forms the mineral zircon or jargoon. It 
forms hard crystals of brilliant lustre, which are often used as gem 
stones. The colourless varieties, not imlike diamond, are known as 
‘Matura diamonds.’ They are, of comse, less hard than diamond 
(hardness 7*5, about equal to quartz) and less lustrous (refractive index 
of zircon 1*99 ; of diamond 2*42), though much superior to any artificial 
diamonds in this respect. 

Other oxy-salts of zirconium (nitrate, oxalate, phosphates) exist, 
but are for the most part zirconyl compounds, such as Zr0(N03)2, 
ZrO(C204), etc. 

Zirconium is thus definitely of metalloid character, resembling a metal 
in physical properties but showing a tendency to non-metallic properties 
in the instability of its salts. 

HAFNIUM Hf, 178-6 

This element is a new-comer, being discovered as lately as 1922. It 
owes its discovery to the work of Moseley (§ 142) and to the Bohr theory 
of atomic structure. Moseley showed by his study of X-ray spectra 
that an element of atomic number 72 was missing. The Periodic table 
in that neighbourhood ran : — 

69. Thulium. 72. 

70. Ytterbium. 73. Tantalum. 

71. Lutecium. 74. Tungsten. 

Urbain, as a result of investigation of some rare-earths, found a rare- 
earth element, which he called ‘ celtium * and believed to fill the space 

72. Moseley showed by the X-ray spectra that this was a mixture, 
but later investigators foimd traces of a line corresponding to 72, and 
concluded that ‘ celtium ’ was really the missing element 72. Bohr’s 
theory of the rare-earths indicated that the last of them must be 
lutecium (71), and that element 72 would not be a rare-earth (2, 8, 18, 
2.6.10.15, 2.6.1, 2) but an analogue of zirconium (2, 8, 18, 2.6.10.14, 
2.6.2, 2). Thus 

^TRUOTUKE OF ELEMENTS 69-74, ACCORDING TO BOHR. 
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Urbain’s celtium, if it existed, was clearly a rare-earth element, all of 
which, according to Bohr, were already known, except the element 61, 
which could not for other reasons be identified with celtium. Bohr 
suggested that zirconium ores should bo examined to find out if they 
gave X-ray spectra corres})onding to the presence of an element of 
atomic number 72, Coster and Hevesy examined the ores and it turned 
out that some zirconium minerals contained, in some cases, about 
16 per cent, of hafnium, as the new element was called, while all 
zirconium minerals contained about 0-15 per cent., a fact accoimting 
for the considerable difficulty which had been found in obtaining 
consistent results for the atomic weight of zirconium ! 

The now element was found to be extremely like zirconium, and was 
only separated by a lengthy process of fractional crystallisation. The 
fluorides of both zirconium and hafnium form stable zirconifluoridos and 
liafnifluorides, such as (NH 4 ) 2 ZrFe and (NH 4 ) 2 HfFo. These were 
fractionally crystallised, the X-ray spectrograph (§ 142) being used to 
test the degree of separation obtained. 

666. Properties of Hafnium and its Compounds. — Hafnium and its 
compounds show a likeness to zirconium whicli is only paralleled by 
the similarity of the rare-earth olomonts, the only apprc^ciable difference 
being in physical properties such as the densities, melting points and 
solubilities of its compounds. 

THORIUM Th, 232* 12 

667. History and Occurrence. — The oxide thoria has been known 
since 1828. Thorium is widely distributed. Its chief ores are 
thorite and orangite, in which thorium dioxide is associated with 
silica and some uranium. The chief source of the element is monazite 
sand, a mixture of the phosphates of various rare-earths. Thorium 
oxide is important commercially as the chief constituent of incan- 
descent mantles. The compounds of thorium have a further 
interest as being radioactive. Thorium and its compounds are very 
feebly radioactive, but some of its degradation products are of high 
activity (Chapter XXVI.). 

668. Preparation and Properties of Thorium. — Thorium may be pre- 
pared by the action of sodium on the chloride. 

Thorium is an iron-grey heavy metal, of high molting point. It is 
but slightly attacked by acids. The metal has found no practical uses. 

669. Thorium Dioxide ThOg is the only known oxide of thorium. The 
valency of thorium, unlike that of tho other metals of the group, is 
always four. 

It is prepared from monazite, which contains the phosphates of 
thorium and the rare-earths. The monazite having been freed by an 
electromagnetic separator (v. Tungsten) from extraneous minerals is 
dissolved in concentrated sulphuric acid. The material is diluted and 
alkali cautiously added. Thorium phosphate is the first substance to 
be precipitated. This is converted into thoria by fusion with sodium 
carbonate or by other secret processes. 

Thoria forms a white powder of great stability. Acids and reduc- 
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ing agents attack it only with great difficulty. The hydroxide 
Th(OH)4 is made by the usual methods. It is basic in character and 
readily dissolves in acids. The chief use of thoria is in incandescent 
mantles. 

The principle of the incandescent mantle is that a solid at a 
given temperature emits much more light than a gas. The oxy- 
hydrogen flame gives little light, but a piece of lime placed in it glows 
brilliantly. Mantles of i)latinum gauze were first tried, but the 
prolonged heating damaged them. It was then noticed that the 
oxides of the rare-earths glowed particularly brightly. Auer von 
Welsbach tried a number of these oxides and finally found thoria 
the most suitable. Curiously, the thoria gives a very poor light 
unless it contains some 1 per cent, of ceria — a phenomenon not 
satisfactorily explained. 

Incandescent mantles are made in various ways. A usual method 
consists of weaving the mantles as a continuous ‘ hose ’ from ramie 
fibre, a silk-like material obtained from a plant, or sometimes from 
artificial silk. 

This ‘ hose ’ is soaked in a solution of thorium and cerium 
nitrates together with the nitrates of certain other metals (Mg, Al, 
Be), the oxides of w'hich give strength to the mantle. Excess of 
liquid is squeezed out and the hose cut into suitable lengths and 
dried on forms to preserve the shape. The head of the mantle is 
strengthened with magnesium and aluminium nitrates and sewn 
into shape with asbestos thread. The cotton is burnt aw^ay in a 
high temperature flame and the skeleton of mixed oxides which is 
left is strengthened by being dipped in collodion, which gives the 
mantle strength enough for packing and transit. 

Sometimes a mixture of thick collodion with thorium and cerium 
nitrates is squirted into fine threads, which are then woven into 
mantles. 

670. Salts of Thorium. — Normal thorium carbonate does not exist, 
but basic carbonates are known. 

Thorium nitrate Th(N03)4 obtained by the action of nitric acid 
on thoric hydroxide. It forms very deliquescent white crystals 
with the usual properties of nitrates. 

Thorium sulphate Th(S04)2 is made by the action of sulphuric 
acid ( 2 : 1 ) on thoria. It dissolves unchanged in cold water, but 
hot water alters it to ‘ thoryl ’ sulphate Th0(S04). 

Thorium tetrachloride ThCl4 is made by the action of chlorine on 
a mixture of thoria and carbon, 

ThOg + C + 2Cl8 = ThCl4 + CO 2 . 

Thorium tetrachloride has much more of the character of a metallic 
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salt than the chlorides of titanium, etc. It forms white crystals, 
which volatilise when heated. It dissolves in water freely and forms 
hydrates. It does not appear to be markedly hydrolysed by cold 
water. 

The radioactive properties of thorium are discussed in Chapter 
XXVI. 



CHAPTER XVII 


NITROGEN 

^ 671. General. — The element nitrogen, though in the free state 

decidedly unreactive, has a large number of interesting compounds. 
It forms a part of many organic compounds, and, since these include 
the essential substances always present in living matter, a supply 
of nitrogen in a form available to plants is the most important con- 
cern of agricultural chemistry. The methods of rendering atmo- 
spheric nitrogen available to plants are further discussed under the 
headings of Ammonia and Nitric Acid. 

The structure of the nitrogen atom is^ characterised by the 
presence of 5 electrons in the outermost ring, and in consequence its 
maximum positive and negative valencies must be 3 and 5 respec- 
tively. 

The valency of 5 only appears in ionised compounds, such as the 
ammonium salts. In its covalent compounds nitrogen has normally 
a valency of 3, sometimes of 4. 

The element is classified in the Periodic table with phosphorus, 
arsenic, antimony and bismuth, but* although the group as a whole 
shows well-marked common properties, nitrogen, as is usual with 
the first member of a group, shows less resemblance to the type than 
do the remainder. The stability of its hydride (ammonia) and. of the 
compounds containing the amino group — NHg in particular, mark 
it off from phosphorus and the remainder of Group V. B. The group 
is further discussed in §§ 757, 842. 

672. History. — ^Nitrogen was probably first recognised as a dis- 
tinct gas by D. Rutherford in 1772, who prepared it by removing 
oxygen from the air by processes of combustion. He caused phos- 
phorus, charcoal, etc., to bum in air and removed the products of 
combustion with alkalis. Lavoisier recognised its elementary 
nature and called it * azote,’ ^ while Chaptal, in 1823, propounded 
the name nitrogen.® 

673. Occurrence. — ^Nitrogen is found in the free state in the 

^ The name ‘ azote * is derived from the Greek a, not, and zoe, life, 
implying that it is the part of the air which does not support life. 

* The name nitrogen means a substance which produces saltpetre or nitre ; 
the Greek word, virpor, nitron, was believed by Chaptal to represent nitre, 
though in fact the Greek virpov was clearly sodium carbonate. The second 
half of the word is the Greek T produce. 
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atmosphere, and it constitutes 78*06 per cent, by volume or 75*5 per 
cent, of dry air by weight. It is also present in solution in all 
natural waters. 

Combined, nitrogen is present in all living matter, and in most of 
its products. The soil contains always a small proportion of 
nitrogen as organic matter, ammonium compounds, nitrites and 
nitrates, and thus most surface water also contains traces of nitrogen 
compounds. Few minerals contain appreciable amounts of com- 
bined nitrogen, the only mineral source of which are the extensive 
deposits of sodium nitrate in Chili. 

674. Nitrogen Circulation in Nature. — ^Nitrogen is a constituent 
of the protoplasm which is the essen tial living constituent of both 
animals and plants. The framework: — ^muscles, skin, hair and 



Fio. 125. — Nitrogen circulation and sources. 


connective tissue — of animals also contains a high percentage of 
combined nitrogen. The animal is not able to assimilate free 
nitrogen, but obtains its nitrogen by eating plants or other animals. 
Plants cannot assimilate free nitrogen, but as a rule build up their 
nitrogen compounds from the nitrates present in small quantity in 
the soil. In a state of nature, then, combined nitrogen is con- 
tinuaUy being taken from the soil and transferred to the bodies of 
animals and plants. When these die, they decay, which means 
that they are assimilated by bacteria which break down the complex 
protein molecules into simple compounds. As a consequence of 
this process, the nitrogen becomes once more transferred to the soil 
in the form of ammonium compounds. The nitrifying bacteria^ 
always present in the soil, oxidise these to nitrates which are then 
again available to plants. 

If this were the whole story, no nitrogen would be lost, and no 
supply would be needed. There arc> however, present in the soil 
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certain denitrifying bacteria which cause a loss of combined nitrogen 
by oxidising the ammonium compounds formed by decay to free 
nitrogen. This loss is normally balanced in two ways. Firstly, 
every flash of lightning causes the nitrogen and oxygen of the air 
along its track to combine. Nitric acid (§ 737) is thus formed, and 
the rain of a thundershower thus supplies some combined nitrogen 
to the soil. In the second place, certain leguminous plants, e.g., 
lupins, vetches, etc., harbour in nodules on their roots certain 
bacteria which have the remarkable property of causing free nitrogen 
to combine and form products which the plant can assimilate. 

In a state of nature these processes strike a balance, and nitrogen 
neither accumulates nor is depleted. Man, however, takes crops 
from the soil, eats them, and excretes their nitrogen compounds 
into the sewers and thence to the sea. The fields become im- 
poverished in nitrogen, and if good crops are to be obtained, fresh 
nitrogen compounds must be supplied. This is done by using 
artificial fertilisers. Chief among these are (i.) ammonium salts 
from coal — the nitrogen of ancient forests ; (ii.) sodium nitrate from 
Chili, possibly deposits formed by the decay of seaweeds ; (iii.) 
ammonium salts obtained synthetically from the air (§ 689) ; 
(iv.) nitrates obtained synthetically from the air (§ 737). 

The air offers a practically unlimited supply of nitrogen, and 
there is now little reason to fear a shortage. 

676. Composition of Air. — ^Air is an extremely complex mixture. 
The gases nitrogen, oxygen, and the inert gas argon (Ch. XXV.), are 
always present, and make up together about 99-9 per cent, of dry 
air. If the traces of other gases are neglected, a typical analysis 
would be : — 



By Weight. 

By Volume. 

Nitrogen . 

76-6 

78-06 

Argon 

1-3 

0*94 

Oxygen 

23-2 

210 


1000 

10000 


In addition to these gases there is present in normal air about 
1 per cent, of water-vapour by volume. This figure may fall to 
much lower values in dry and very cold areas, and rise to as much as 
4 per cent, in humid tropical (climates. The effects of the moisture 
of the air are further discussed under the heading of Water (§ 209). 

There is also in the atmosphere a small proportion of carbon 
dioxide (^.v.) which amounts to about 3 volumes per 10,000 volumes 
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of air (0-03 per cent.). This figure may rise to 8 volumes in still, 
foggy weather in towns, and to higher values in ill- ventilated rooms. 

Since all gases which are set free enter the air, the latter contains, 
in addition to the gases mentioned, small traces of a great number of 
gases, notably ammonia, oxides of nitrogen, hydrogen, hydro- 
carbons, sulphur dioxide, hydrogen sulphide, ozone, volatile 
organic compounds, and the rare gases, helium, krypton, neon and 
xenon. These gases do not exhaust the chemical possibilities of the 
atmosphere, for air contains immense numbers of floating dust 
particles (in London about 100,000 per cubic centimetre). These 
consist of carbon from smoke, organic matter, mineral dust, etc. 
Near the sea there is always a proportion of sodium chloride in the 
air, probably as wind-bome dust resulting from dried spray. 

676. Air a Mixture. — Until the beginning of the nineteenth 
century air was often thought to be a chemical compound of oxygen 
and nitrogen. There is little in favour of such a view except its 
apparently constant composition. The evidence against it falls 
under the following headings : — 

(а) The composition of air is not entirely constant, small varia- 
tions of the proportions of oxygen and nitrogen being found. 

(б) The properties of air are precisely those which would be 
expected of a mixture of nitrogen and oxygen, whereas a chemical 
compound always possesses properties different in some respects 
from those of its constituents. 

(c) The nitrogen and oxygen can be separated by diffusion 
(§ 64) ; and by solution in water, in which oxygen is more soluble 
than is nitrogen. 

(d) When nitrogen and oxygen are mixed in the correct propor- 
tions a substance indistinguishable from air is produced without any 
change of temperature or volume or other sign of chemical change, 

(e) The formula of air, if a compound, would be approximately 
N15O4, and a gas of this formula should have a density about ten 
times as great as that which air actually manifests. 

677. Preparation of Nitrogen. — ^Nitrogen is prepared (1) by 
removal of oxygen, etc., from the air by chemical or physical means ; 
(2) by the decomposition of nitrogen compounds. 

Both of these methods have been employed in the laboratory, but 
the latter is considerably the more convenient. On the industrial 
scale nitrogen is invariably prepared from the air by methods 
(pp. 496-7) which are not available on the laboratory scale. 

678. Preparation of Nitrogen from the Air. — ^Nitrogen is prepared 
from the air either by absorbing oxygen, carbon dioxide, etc., 
chemically or by liquefying the air and resorting to a process of 
fractional distillation. 
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In the laboratory we may prepare nitrogen in a state of compara- 
tive purity by bringing air into prolonged contact with sodium 
pyrogallate solution. The oxygen and carbon dioxide are rapidly 
removed and the residual nitrogen contains only some 1 per cent, 
of argon. The reaction is, however, too slow to allow of the con- 
tinuous preparation of nitrogen by bubbling air through sodium 
pyrogallate in any ordinary form of gas-washing bottle. 

Air, however, may be passed over a heated metal, copper or 
finely-divided iron, carbon dioxide and water vapour being previ- 
ously removed by means of caustic potash and strong sulphuric 
acid. Care must be taken that the stream of air is passed over the 
metal at such a rate that no oxygen remains unabsorbed. 



1 r 

Fig. 126. — Preparation of nitrogen from air. 

Numerous commercial adaptations of this method have been 
proposed. Among them may be mentioned the extraction of nitro- 
gen from furnace gases. The gases from the properly-regulated 
combustion of coke contain nitrogen, carbon dioxide and a little 
carbon monoxide. The furnace gases are passed over a mixture of 
heated copper and copper oxide to remove any residual oxygen, and 
at the same time to oxidise any carbon monoxide. The carbon 
dioxide is then absorbed by caustic soda (or by water under pressure) 
and nitrogen remains. 

The burning of a mixture of air and hydrogen (which is a by- 
product from various electrolytic processes, (c.gr. p. 257) ) has also 
been used to prepare nitrogen. 

The most important process for the extraction of nitrogen from 
air depends on the liquefaction of air and its subsequent fractional 
evaporation. The boiling point of liquid nitrogen is — 195® C., and 
of liquid oxygen — 182*5° C. This small difference is sufficient to 
allow of a separation of the gases, nitrogen of 99*5 per cent, purity 
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being obtained. When a mixture 


of two liquids is allowed to 
evaporate, the vapour con- 
tains a greater proportion of 
the more volatile substance, 
and the residual liquid a less 
proportion than was con- 
tained in the liquid before 
evaporation. A complete 
separation cannot, however, 
be obtained in this way, and 
the gas obtained by evapo- 
rating liquid air still contains 
about 10 per cent, of oxygen. 
It is necessary, therefore, to 
use the principles of the 
rectifying column to obtain 
pure nitrogen. 

The most modern plants 
employ the Claudo system of 
air-liquefaction coupled to tho 
Linde oxygen column. 

Tho air is freed from carbon 
dioxide with lime or caustic 
soda and a compressor then 
compresses the air to about 30 
atm. This process causes it to 
become hot and the heat is 
removed by water-cooling. It 
is then further cooled by a 
heat-interchanger, consisting of 
concentric tubes thi’ough one 
of which the gas passes. The 
other carries the exceedingly 
cold oxygen or nitrogen leaving 
the apparatus. These cool the 
gas and freeze out any mois- 
ture. The compressed air is 
then used to work an expansion 
engine,^ which is coupled to a 
dynamo. The expansion engine 
restores a part of the power 
used in the compression of the 
gas. The gas does work by its 
expansion from 30 atm. to 4 
atm., and this work is obtained 
at the expense of its heat-energy. Consequently the temperature of 
the air falls to very little above its liquefaction point. This cold air 

^ No cylinder lubricant is used, for it is found that dry fat-free leather pack* 
ing is the most satisfactory way of avoiding the leakage. 
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is then led into a Linde oxygon column (Fig. 128). It passes upward 
through a series of plates over which liquefied air, rich in oxygon, is 
trickling. This liquid air is evaporated to some extent by the incoming 
air, and so becomes richer in oxygen, finally collecting at E. This 
liquid air then contains 50-60 per c^jnt. of oxygen. The incoming 
air passes upward and has most of its oxygen condensed out by the 
downflowing air. It then reaches the nest of tubes D, which are 
immersed in the finally produced liquid oxygen. The air at 4 atm.^ 
partly liquefies at the temjjerature of boiling oxygen. The first part 
liquefied contains about 40 cent, of oxygon and trickles back 
through the shelves, C to E. The gas which is not liquefied in the early 
stages contains only about 1 per cent, of oxygon. The gas finally con- 
denses in the last of the tubes D traversed as nearly pure liquid 
nitrogen, and is led from thence to 


the top of the ujjper rectification 
colunm. The liquid aii*, rich in 
oxygen, from the bottom of the 
column E is led in half way up the 
column. The liquid nitrogen (N) 
(1 per cent. O 2 only) running down 
the column evaporates and i)ui*e 
nitrogen comes off, the small i)ro- 
portion of oxygen passing to the 
base of the column. The licjuid 
flowing down from F evaporates, 
producing much nitrogen gas and 
little oxygen : this little oxygen is 
condensed again as it rises by the 
evaporating nitrogen. This liquid 
oxygen, growing ever richer, flows 
down to the reservoir R, while 



gaseous nitrogen, becoming ever yig. las.-Linde oxygen column, 
purer, pa^sses upward to the exit 
and so to the heat exchanger. The 

gas evolved by the evaporating oxygen at R is led off through the pipe 
S to the heat exchanger and finally compressed into cylinders. 
Summarising the processes : 

(i.) Air is freed from CO 2 , compressed to 30 atm. and cooled to 
c. 16° C. 


(ii.) The compressed air passes through a heat exchanger, where the 
outflowing gases cool it further. 

(iii.) The compressed air does work in an expansion engine and so 
is cooled to near its liquefaction point. 

(iv.) This cold air is liquefied by the action of boiling oxygen. The 
air first liquefied is rich in oxygen and ‘ scrubs ’ the incoming air so 
that a portion (E), containing 50 per cent, of oxygen, remains as liquid 
while a part containing 1 per cent, of oxygen passes on and is also 
liquefied (N). 

(v.) The liquid N (1 per cent. Oj), passes down a column from the top 
and pure Ng, which passes off, evaporates from it. 

(vi.) The 60 per cent, oxygen (E) passes into the column halfway up 


^ Air at 1 atm. pressure would not liquefy at the temperature of boiling 
oxygen ; air at 4 atm. has a higher boiling j^oint and therefore liquefies. 

♦•0. 
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and evaporates off its nitrogen and condenses any oxygen in N. Pure 
liquid oxygon collects in R and evaporates. 

(vii.) The cold purified gases return to the heat exchangers. 

679. Chemical Methods of Preparing Nitrogen. — ^These methods 
all depend on the oxidation of ammonia or ammonium compounds, 
and comprise : — 

(1) The decomposition of the ammonium salts of certain strongly 
oxidising acids. 

(2) The action of strong oxidising agents on ammonia. 

(1) The simplest method of making nitrogen is by heating 
ammonium nitrite, or, preferably, a mixture of ammonium chloride 
and sodium nitrite. 

If 1 part of each of the above and 5 parts of water are steadily 
heated in a round-bottomed flask fitted with a safety tube, nitrogen 
is evolved. Ammonium nitrite is first formed, 

NH4CI + NaNO^ ^ NH4NO2 + NaCl, 
and then decomposes, 

NH4NO2 = Ng + 2H2O. 

The use of the two salts is preferred to that of pure ammonium 
nitrite ; for as a result of the chemical equilibrium, ammonium 
nitrite is always present in the mixture, and is not in sufficient 
concentration to cause the reaction to become unduly violent. The 
nitrogen contains traces of ammonia and oxides of nitrogen and may 
be purified by passage through a mixture of saturated potassium 
dichromate solution and sulphuric acid. 

A less convenient method of preparing the gas is the action of 
heat on ammonium dichrornate, 

= Ng + 4HaO + Cr^, 

which is an unduly vigorous reaction. 

(2) Reaction of chlorine and ammonia. If a concentrated solu- 
tion of ammonia be placed in a three-necked Woulffe’s bottle and 
chlorine be led in, the reaction 

8NH3 + 3CI2 = 6NH4CI + N2 

takes place and nitrogen is evolved. The nitrogen is washed with 
water to remove any excess of ammonia and ammonium chloride 
fumes, and is then collected over water. It is essential that excess 
of ammonia shall be present in order to avoid the formation of the 
highly explosive nitrogen trichloride, NCI3 (g.v., § 753). The method 
is much less convenient than that already described. 

Bleaching powder readily oxidises ammonia. If a thin cream of 
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bleaching powder and water is mixed with concentrated ammonia 
solution, large quantities of nitrogen are evolved on warming, 

SCaOClg + 2NH8 = N^ + SH^O + SCaCl^. 

If very pure nitrogen is required for quantitative work it is 
best prepared by leading nitric oxide (from nitric acid and copper) 
through ammonia solution. The resulting mixture of ammonia and 
nitric oxide is passed over red-hot copper gauze, when the reaction 
4NH3 + 6NO = 5N2 + 6H2O 

takes place. Excess of either gas and any other impurities are 
removed by successive passage through dilute sulphuric acid, fused 
potash, concentrated sulphuric acid and finally again red-hot copper 
gauze. 

The effect of heat upon sodium azide NaNg has been used to pre- 
pare very pure nitrogen. The substance decomposes when heated, 
leaving behind metallic sodium, 

2NaN3 == 2Na + 3N2. 

680. Physical Properties of Nitrogen. — ^Nitrogen is a colourless gas 
without taste or smell. It is not poisonous, but does not, of course, 
support life. The gas is somewhat lighter than air. (Density = 
14-01. Density of air = 14-4). It is liquefied on cooling to a 
colourless liquid, w'hich boils at —195® C., and freezes to a solid at 
—210® C. Nitrogen is sparingly soluble in water, 100 volumes of 
which dissolve 2-3 volumes at 0® C. 

681. Active Nitrogen. — ^When nitrogen is submitted to the action 
of the electric discharge at low pressures, a yellow glow appears 
which persists for a little time. At the same time the chemical 
properties of the gas are profoundly altered, the nitrogen becoming 
highly reactive, combining directly with non-metals, such as 
sulphur, iodine, phosphorus and with almost all metals. 

These remarkable phenomena have proved very dijfficult of ex- 
planation. The suggestion that a molecule, Ng, similar to ozone O3 
(cf. pp. 601 seq.) is produced, is disproved by the character of the 
spectrum and the fact that the active form cannot be condensed out 
by liquid air. A triatomic form of nitrogen would certainly boil at 
a higher temperature than the ordinary diatomic form. 

The suggestion that active nitrogen is atomic nitrogen N is sup- 
ported by several facts, but as the amount of energy needed to 
activate the nitrogen is much less than that needed to dissociate it 
into atoms, this theory is in doubt. Probably active nitrogen con- 
sists of * metastable ’ molecules, the atoms of which are so arranged 
as to have a greater amount of available energy than ordinary 
molecular nitrosen, together with a small proportion of free nitrogen 

a x 2 
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atoms which combine to form molecules, releasing energy in doing 
so. The metastable molecules are responsible for the chemical 
activity and the atoms for the glow, the spectrum of which indicates 
that it is derived from atomic nitrogen. 

682, Chemical Properties. — ^At temperatures below 200° C. 
nitrogen is quite unreactive. At a dull red heat and above, how- 
ever, many of the metals form nitrides in which the valency of the 
metal is normal and nitrogen is tervalent. Thus magnesium, heated 
in nitrogen, forms the magnesium nitride Mg 3 N 2 , 

3Mg + Na == MggNa. 

If magnesium powder be heated to redness in a covered crucible for 
some time and allowed to cool, the lower part of the residue will 
consist mainly of the nitride. Lithium, calcium, aluminium and 
the rare-earth metals readily form such nitrides. 

These nitrides are readily decomposed by water, giving ammonia, 

MgaNa + 6 HaO = 2 NH 3 + 3Mg(OH)2. 

Nitrogen also reacts with oxygen, hydrogen, silicon and carbon. 

Nitrogen reacts with oxygen at high temperatures, nitric oxide 
being formed, 

Ng + O 2 ^ 2NO - 43-2 Cals. 

The reaction is endothermic and is therefore most nearly complete 
at very high temperatures. The process for producing nitric acid 
from the air described in § 737 is based on this reaction, the details of 
which are there further discussed. 

With hydrogen, ammonia is formed. The yield is inconsiderable, 
except under the highest pressures and in presence of suitable 
catalysts. 

Na + 3 H 2 ^ 2NH8 + 23-8 Cals. 

This reaction is exothermic and is also accompanied by a diminu- 
tion of volume. For this reason, the manufacture of ammonia by 
this method (§ 689) is conducted at comparatively low temperatures, 
and at the highest pressures available. 

Nitrogen and carbon react to a small extent when an arc is struck 
between carbon poles in an atmosphere of nitrogen, cyanogen C 2 N 3 
being formed, 

2C + N 2 = C 2 N 2 , 

Silicon and boron form nitrides when heated in an atmosphere of 
nitrogen. 

68S. Commercial Uses. — ^Nitrogen is chiefly used in the manufac- 
ture of ammonia and nitric acid. Other minor uses are in filling 
gas-filled electric lamps and high temperature thermometers, and 
in general it finds a use where an unreactive gas is required. 
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684. Formula and Atomic Weight. — ^That the molecule of nitrogen 
contains at least two atoms is shown by the fact that two volumes 
of ammonia, when treated with chlorine or exploded with oxygen, 
yield 1 volume of nitrogen. The ratio of the specific heats of 
nitrogen at constant pressure and constant volume is 1*408 at 0° C., 
which also indicates that it is a diatomic gas. 

The atomic weight of nitrogen is shown by the molecular weights 
of its many volatile compounds to be approximately 14*0. The best 
determination of its atomic weight is probably that of Richards 
(§ 70), but other very accurate determinations have been made. 
The chief methods employed have been the measurement of the 
density of very highly purified nitrogen, and the determination of 
the proportion of nitrogen in the oxides of nitrogen. The principle 
of the latter method is the exact weighing of a quantity of the oxide 
of nitrogen in a closed vessel, containing an iron or nickel-wire spiral 
capable of being heated electrically from the exterior of the vessel. 
By heating the spiral the oxide is decomposed, 

4 N 2 O + 3Fe = Fe 304 + 4 Ng, 


and the increase of weight of the iron wire gives the weight of 
oxygen in the already known weight of oxide of nitrogen. In a 
certain experiment, 5*6269 gms. of nitrous oxide yielded 2*0454 gms. 
oxygen. Hence the ratio, NgO : O = 44*015 : 16, and 


N = 


44*015-16 

2 


== 14*008. 


The latter figure is taken to be correct as the result of the agree- 
ment of several sets of determinations carried out by different 
methods. 

Very accurate determinations of the density of nitrogen have been 
made by Guye’s Limiting Density method. Since Avogadro’s law 
is only true for ‘ perfect ’ gases, the density of a gas at N.T.P. does 
not give an absolutely exact measure of its molecular weight. It is 
possible, however, to measure the compressibility of the gas and 
thus calculate with accuracy the density the gas would have if it 
were a perfect gas and followed Boyle’s law with complete accuracy. 
The density so obtained gives values for the atomic weight which 
are comparable in accuracy with the best chemical determinations. 

685. Detection and Estimation. — ^Nitrogen is best identified by its 
failure to respond to any of the tests for other gases. An incom- 
bustible gas which does not support combustion, is neutral, and does 
not react with any ordinary reagent, is probably nitrogen. The 
best confirmatory test is to pass the gas over heated calcium and 
identify the calcium nitride produced by its reaction with water to 
Ume and ammonia. 
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In the same way the proportion of nitrogen in a gas is determined 
by removing all other gases from the mixture and measuring the 
residual nitrogen and inert gases. The separation of the latter is a 
tedious process (Ch. XXV.). 

The determination of the proportion of nitrogen in the air is best 
performed by means of the Hempel burette and pipette. The 
pipette is charged with sodium pyrogallate solution and is set so that 
the liquid surface coincides with the mark M. A certain volume 
of air is enclosed in the burette over mercury, and after levelling the 
volume is read, the temperature and pressure being noted. The 
burette and pipette are connected and by opening the tap T and 
raising the levelling tube, the air is driven over into the bulb of the 



Fig. 129. — Determination of the proportion of nitrogen in air. 

pipette. After some minutes the process is reversed and the air is 
drawn back into the burette, leaving the liquid at the same mark M. 
The volume of residual gas is read ofi. The process is repeated 
until no further diminution in volume occurs. If the temperature 
and pressure alter during the experiment a correction must be made. 
The sodium pyrogallate absorbs carbon dioxide and oxygen and the 
residual gas is nitrogen and argon. 

The most accurate method is, however, a gravimetric one. The 
first accurate gravimetric determinations were carried out by Dumas 
and Boussingault in 1841. They set up an apparatus consisting of 
an accurately weighed evacuated globe connected to a weighed and 
evacuated tube containing finely divided copx)er. This tube was 
connected to a train of U-tubes containing potash, sulphuric acid, 
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etc. Air was allowed to pass slowly through the U-tubes, which 
removed carbon dioxide and moisture, and over the strongly-heated 
copper which abstracted the oxygen. The nitrogen, with the argon ^ 
also present, passed into the globe. The difference of the original 
and final weights of the globe gave the weight of nitrogen, and the 
difference between the first and last weights of the tube containing 
the copper gave the weight of oxygen in the same quantity of air. 
The ratio of these was found to be 76*8 parts nitrogen to 23*2 parts 
oxygen. 

The proportion of nitrogen in a compound is usually determined 
by the Kjeldahl process, which is applicable to most organic com- 
pounds, but not to nitrogen in the form of the nitro-group or 
nitrates or free nitric acid. The basis of the process is the fact that 
the nitrogen of most compounds is converted into ammonium 
sulphate when they are heated with concentrated sulphuric acid 
and a little mercury. This is determined by the method described 
on p. 512. Nitrogen in the form of the nitro-group, nitrates or free 
nitric acid, may be reduced by means of Bevarda’s alloy (magne- 
sium-nickel) and acid and the resulting ammonium sulphate deter- 
mined as above. 

Nitrogen Hydrides 

There are three hydrides of nitrogen, namely : 

Ammonia ....... NH3 

Hydrazine .... . . N2H4 

Hydrazoic acid or Azoimide .... HNg 

Ammonia 

686. Historical. — ^Ammonia solution was first prepared in the 
sixteenth century by distilling quicklime, sal ammoniac and water. 
Priestley isolated the gas by heating the solution and collecting the 
gas over mercury. 

687. Occurrence. — Ammonia is a product of the decay of organic 
compounds containing nitrogen. Thus stable manure, etc., con- 
tains the compound urea CO(NH2)2, derived from the urine of 
animals. The action of bacteria converts this into ammonium 
carbonate, 

C0(NH2)2 + 2 H 2 O = (NH4)2C03. 

This salt decomi:)oses to some extent and produces free ammonia, 
(NH4)2C03 ^ 2NH3 + H2O + CO2, 
the smell of which is noticeable in stables, etc. Consequently also 
the air contains traces of the gas. 

^ Not yet discovered in Dumaa* time. 
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688* Preparation. — ^Ammonia is prepared, in the laboratory, by 
the action of alkalis on ammonium salts. On the commercial scale 
it is prepared synthetically from nitrogen and hydrogen or recovered 
from the ‘‘ ammoniacal liquor ” condensed from crude coal gas 
(§§ 548, 549). 

689. Synthesis of Ammonia from its Elements. — ^The gases nitro- 
gen and hydrogen do not react to any appreciable extent under 
normal laboratory conditions. The reaction between them, 
Ng + SHg ^ 2 NH 3 , is exothermic {i.e., gives out heat), and is 
accompanied by a diminution of volume. It follows then from the 
laws of van’t Hoff and Le Chatelier (§§ 110, 111) that the yield of 





Fio. 130. — ^Experimental plant used in the synthesis of ammonia. 

ammonia is greatest at low temperatures and high pressures. The 
lowness of the temperature which can be used in practice is limited 
by the fact that the speed of the reaction is diminished by lowering 
the temperature, though the ultimate yields if time enough be allowed, 
is improved. 

On the commercial scale temperatures of 200°"-700° C. have been 
found suitable, and the speed of the reaction ^^accelerated by the 
use of a catalyst usually prepared by melting lonoxide with about 
one per cent, of its weight of sodium or potassium oxide afid about 
the same small proportion of silica or alumina. The pressures used 
are limited only by engineering difficulties and the fear of explosion. 
They vaiy from 100 to 900 atmospheres, and even the latter enor- 
mous figure has been much exceeded in experimental plants. 

The hydrogen required is obtained, as a rule, from water-gas 
(§§ 182 (3), 556), and the nitrogen is obtained by the air-liquefac- 
tion process (§ 678) or by combustion of an air-hydrogen mixture. 
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Fig. 130 shows the experimental apparatus originally employed in 
the Haber-Bosch process. Nitrogen and hydrogen are compressed 
to 200-800 atm. and circulated continuously through a very strong 
steel vessel, in which is an inner vessel containing the catalyst, 
which may be heated electrically. The issuing gas, containing 
ammonia, nitrogen and hydrogen, is cooled when liquid ammonia 



Fig. 131. — Ammonia SjTithesifl : (a) lay-out of plant ; (6) burner; 
(c) converter. 


condenses. The remaining nitrogen and hydrogen, together with 
fresh gas, are again passed over the catalyst. The spiral concentric 
tubes act as a heat interchanger, heating the cold incoming gas and 
cooling the hot outgoing gas. 

On the large scale many modifications have been proposed. A 
tyx)ical plant might be arranged as in Fig. 131 (a). The first stage is 
the preparation of a mixture of nitrogen and hydrogen. 

If electrolytic hydrogen is available it is mixed with the appro- 
priate proportion of air in a burner (6) and at once ignited by a 
sparking-plug P. The combustion is completed by passing the 
gases over broken porcelain and copper turnings heated by the 
combustion products. The issuing gases contain nitrogen, hydrogen, 
steam and impurities from the air, and are passed to a gasometer. 
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Alternatively, water-gas and producer gas may be mixed. The 
resulting mixture of nitrogen, carbon monoxide and hydrogen is 
led together with steam over an iron oxide catalyst, whereupon the 
reaction CO + HgO = CO 2 + Hg takes place. The carbon dioxide 
is removed by washing the compressed gas with water and the 
residue of carbon monoxide by washing with ammoniacal cuprous 
formate, leaving a mixture of nitrogen and hydrogen. The gases 
are then highly compressed, dried and purified. They then pass to 
the converter (c), constructed of alloy steel 3 inches thick. They 
pass »ound the outside of the inner shell containing the catalyst, thus 
helping to keep the outer casing cool. They then pass over the 
coiled tubes of a heat interchanger and down a central tube contain- 
ing an electric heating 
element. Thence they 
pass up through the 
catalyst and so to the 
exterior. 

The ammonia gas 
at this high pressure 
may be condensed out 
merely by passing it 
through a water-cooled 
spiral tube. 

The unchanged 
nitrogen and hydrogen 
are forced by a circu- 
lating pump back to 
Fig. 132,-Preparation of ammonia. convertor^ 

690. Anmioiiia from Coal Products. — In the process of purifying 
coal-gas (§§ 548, 549) there are obtained various liquids containing 
ammonium compounds and ammonia. These liquids contain free 
ammonia, ammonium carbonate, sulphide, cyanide, sulphate, etc. 
To obtain ammonia these liquors are heated by means of steam, 
when the salts of the weaker acids are decomposed and ammonia 
is carried over, 

(NH,)2C03 = 2NH3 + H2O + CO2. 

The residual liquid is mixed with milk of lime and again heated 
in a current of steam. 

Ca(OH)2 + (NH4)2S04 = CaSOi + 2NH3 + 211 ^ 0 . 

Free ammonia is liberated and the mixture of ammonia and steam 
may be condensed directly to ammonia solution, but is more 
commonly led into sulphuric acid, thus producing a solution of 
ammonium sulphate, 

2NH3 -f H2SO4 = (NH4)2S04. 
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which is crystallised out. The crystals are dried by means of a 
centrifuge. 

691. Laboratory Preparation of Ammonia. — ^Ammonia is prepared 
m the laboratory by the action of alkalis, preferably lime, on an 
ammonium salt, usually the chloride. Powdered quicklime is 
mixed in a mortar with its own weight of ammonium chloride and 
transferred to a round flask connected, as shown in the figure, to a 
tower containing quicklime, and some arrangement for collecting the 
gas. The gas comes off rapidly when the flask is warmed. 

CaO + 2NH401 = 2NH3 + CaCla + H2O. 

Ammonia, of course, cannot be collected over water, in which it is 
very soluble, but being lighter than 
air it may be collected by displace- 
ment as shown in the figure. If 
the pure gas is required it is necessary 
to collect it over mercury. Ammonia 
can only be dried over quicklime or 
caustic potash or some alkaline drying 
agent, for it combines with sulphuric 
acid and phosphorus pentoxide and 
forms additive compounds with cal- 
cium chloride. 

There are no other practical methods 
of preparing ammonia, but the follow- 
ing reactions which lead to its forma- 
tion are of interest. 

The dry distillation of nitrogenous 
organic matter with or without lime 
yields ammonia. The distillation of 
horn was one of the early methods of 
maldng ammonia, the solution of 
which was known as spirits of harts- 
horn. 

The treatment of nitrogenous 
organic compounds with concen- 
trated sulphuric acid (Kjeldahl pro- 
cess, § 685) converts their nitrogen 
into ammonium compounds. 

The reduction of nitrites, nitrates, etc., with nascent hydrogen 
also yields ammonia, 

HNO3 + 8H = NH3 + 3 HaO. 

These salts are often estimated by this process (§ 685). 



composition of ammonia. 
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692 . Structure and Formula. — Ammonia may bo shown to have 
the formula NH3. 

A long glass tube arranged as in Fig. 133 is divided into three 
equal portions. The tube is filled with chlorine, and in the neck is 
placed a little concentrated ammonia solution. The tap is cau- 
tiously opened and the ammonia solution is admitted a little at a 
time. The ammonia and chlorine react with a bright flash. When 
no further reaction occurs the ammonia is emptied from the neck 
and a little dilute sulphuric acid is introduced to remove the excess 
of ammonia. The tube is then cooled and opened under water and 
the volume of nitrogen remaining is one-third of that of the chlorine 
used. The chlorine present would combine with its own volume of 
hydrogen and it leaves one-third of its volume of nitrogen. It 
follows then that one volume of nitrogen and three of hydrogen 
combine to form ammonia. The formula of ammonia must then 
contain two atoms of nitrogen for every six of hydrogen, i.e., must 
be (NHg)^. Its vapour density is 8-5 at 0° C. and 760 mm. The 
molecular weight is therefore 17 and NH3 (M. W. = 14 + 3 X 1) is 
the formula. 

The structure of ammonia considered in the light of the electronic 
theory of valency is 

H 

H : N : 

ii 

It will be seen that a pair of valency electrons remain available for the 
formation of co-ordinate linkages, a fact which explains the remarkable 
tendency of ammonia to form molecular compounds, e,.g., CaClg.GNHg, 
Cu(NH 3)4++, etc. 

H 

We may note the analogous formula of water : O : which forms similar 

H 

molecular compounds, hydrates, etc. (§ 208 ). 

698 . Physical Properties. — ^Ammonia is a colourless gas with a 
peculiar alkaline taste and a powerful and characteristic smell. In 
small quantities it is not poisonous and stimulates the action of the 
heart, whence its use in smelling salts. In large quantities it 
rapidly causes death. The saturated solution (*880 ammonia) is 
corrosive to the skin in sometliing of the same way as is caustic soda 
or potash. Ammonia gas is lighter than air (D. 8*5). It is readily 
liquefied by pressure alone. Liquid ammonia boils at — 33*6® C. It 
has several remarkable properties. It is an excellent solvent, and 
substances dissolved in it ionise as they do in water. These facts 
are probably connected with the association of liquid ammonia into 
double and treble molecules and with its donor properties (§ 692). 
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Liquid ammonia is employed in refrigerating machinery on 
account of its volatility and its high latent heat of vaporisation. 
The usual pattern (Fig. 134) consists of a pump which compresses 
ammonia gas and delivers the hot compressed gas to a coil of 
tubing, where it is cooled and liquefies. The liquid passes into an 
expansion coil immersed in brine. Here the ammonia evaporates, 
taking the heat required from the brine. The ammonia is returned 
to the compressor. The cooled brine may be circulated through 
refrigerating chambers, etc. 

In certain patterns of refrigerator the pump is dispensed with. A 
vessel containing ammonia dissolved in water under pressure com- 
municates with a second vessel. The ammonia solution is heated 



Fia. 134. — Refrigerator employing liquid ammonia. 


and the ammonia gas driven into the other vessel liquefies under 
the influence of the pressure. The heat is then, automatically 
or otherwise, cut off, the water cools, the liquid ammonia 
evaporates and the gas formed re-dissolves. The evaporation of 
the liquid ammonia withdraws the heat from the chamber to be 
refrigerated. 

Ammonia is exceedingly soluble in water, 1 volume of which 
at 0° C. will dissolve no less than 1,148 volumes of ammonia. 
This solution contains some 47 per cent, of ammonia by weight. 
Ammonia is then the most soluble of gases, reckoning the solubility 
in volumes. The ordinary solution sold as *880 ammonia is less 
strong and contains some 35 gms. of ammonia per 100 gms. of 
solution. Its strength is about 18 N. The solution is further 
discussed in the next section. 
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694. Chemical Properties. — Ammonia reacts chemically in throe 
ways : — 

(i.) As a basic anhydride. 

(ii.) As a mild reducing agent. 

(iii.) By forming loose molecular compounds. 

Ammonia is a comparatively stable gas. It is however decom- 
posed to some extent at a red heat into nitrogen and hydrogen, 

N2 + 3H2^2NH3. 

Ammonia reacts with oxygen, forming water and nitrogen. With 
air the reaction must be maintained by external heat, but in oxygen 
ammonia burns with a yellowish flame, while mixtures of oxygen 
and ammonia explode w^hen ignited, 

4NH3 + 3O2 = 2N2 + CH2O. 

In presence of platinum as a catalyst ammonia may be directly 
oxidised to oxides of nitrogen, a reaction used in the manufacture of 
nitric acid (§ 738 ). 

Ammonia reacts with chlorine and bromine, forming nitrogen and 
the halogen hydride (§ 679 ). If the halogen 

3CI2 + 8NH3 == N2 + 6NH4CI 

is in excess the explosive halides of nitrogen (g.v., § 753 ) ma}^ be 
formed. Iodine reacts with ammonia, forming a black explosive 
compound, nitrogen iodide NH3 . NI3. This substance is distin- 
guished by the extreme ease wdth which it is exploded, the touch 
of a feather being enough to detonate it. 

Ammonia reacts with the alkah metals, forming amides such as 
Bodamide, 

2Na + 2NH3 = 2NaNH2 + Hg. 

Ammonia not only dissolves in water but also reacts with it ; the 
process may be represented by the equations, 

NH3 + HgO ^ NH4OH ^ NH4+ + OH-. 

Ammoulum Ammonium Hydroxyl 
hydroxide. ion. ion. 

The presence of free ammonia NH3 is witnessed by its smell and 
the fact that the gas is evolved from the solution and can be dissolved 
out of it by solvents, such as chloroform. The presence of ions is 
shown by the conductivity of the solution, and that of hydroxyl ion 
OH~ is demonstrated by the alkaline properties. The presence of 
undissociated NH^OH ammonium hydroxide is not so certain, and 
it has been thought that it is not formed and that the true reaction 
of ammonia with water is 

(i.) HgO = + OH-. 

(ii.) NH3 + H+ = NH4+. 
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The weight of the evidence is at present against this last theory. 

Ammonia solution containing, as it does, the hydroxyl ion behaves 
as a typical alkali. It has therefore similar properties to those of 
caustic soda and caustic potash. Ammonia is, however, less 
dissociated than these and yields a solution containing a smaller 
proportion of hydroxyl ion ; its alkaline properties are therefore less 
intense than those of sodium and potassium hydroxides. Ammonia 
solution combines with acids to form salts, 

2NH4OH + H2SO4 = (NH4)2S04 + 2H2O. 

Ammonia gas also behaves in the same way and, when mixed with 
hydrogen chloride or other acid gas, forms a dense white smoke, con- 
sisting of particles of the ammonium salt of the acid, 

NH3 + HCl == NH4CI. 

Ammonia precipitates hydroxides from the salts of many metals (see 
below). These often dissolve in excess of ammonia, forming com- 
plex ions. Thus ammonia, added to a cupric salt, precipitates pale 
blue cupric hydroxide, 

2NH4OH + CUSO4 = Cu(OH) 2 i + (NH4)2S04, 
which dissolves in excess of ammonia, forming the cuprammonium 
ion, 

Cu(0H)2^Cu++ + 20H- 
Cu++ + 4NH3 ^ Cu(NH3)4++. 

Ammonia is unaffected by reducing agents. The strongest oxidising 
agents, such as the permanganates, oxidise solutions of ammonia 
to nitrogen and water. 

2NH4OH + 2KMn04 = 2 KOH + 2 MnOa + + Ng. 

The gas is readily oxidised at higher temperatures ; thus when 
passed over copper oxide, it forms nitrogen and water, 

2NH3 + 3 CuO = N2 + 3H2O + 3 Cu. 

Ammonia is remarkable for the facility with which it forms 
molecular compounds. When the gas is passed over many salts 
(e.gr., CaCla, ZnCla) it is absorbed, compounds such as CaCla . 6NH3 
being formed. Ammonia also forms additive compounds with 
many ions. 

It is in consequence of the formation of these complex ions that 
ammonia solution is capable of dissolving many metallic compounds 
which are insoluble in water. For example, silver chloride is soluble 
in water only to a minute extent ; but the small quantity of silver 
chloride which dissolves is almost wholly ionised, 

AgCl ^ AgCl ^ Ag+ + C 1 -. 

Solid. Solution. 

When ammonia is added the silver ion Ag**- is almost completely 
converted into the argentammonium ion Ag[NH3]2+. This reaction 
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removes the silver ion Ag+. In restoring the equilibrium more dissolved 
silver chloride ionises, leaving the solution misaturatod with silver 
chloride. Consequently solid silver chloride goc^s into solution, and this 
process continues until the equilibrium 

Ag-^ + 2NH3^Ag[NH3]a+ 

is reached. The same argument can be applied to the dissolution of 
copper hydroxide by ammonia. 

These complex ions often form solid salts with acidic ions. Thus 
the deep blue cuprammonium sulphate, Cu(NH 3 ) 4 S 04 . HgO, can 
be precipitated by the action of alcohol from solutions of copper 
sulphate in ammonia. 

The reaction of ammonia solution upon solution of metallic salts 
may occur in three chief ways : — 

(1) The hydroxide may be precipitated as described above. If so, 
the hydroxide 

(а) May not dissolve in excess (Al, Fe, Cr, Sn*'^, Mn, Bi). 

(б) May dissolve forming a complex ion as described above 
(Zn, Ni, Co, Cu, Ag). 

(2) A hydroxide or basic salt may be formed which dissolves in 
excess, forming an ammonium salt (As, Sb). 

(3) Amines containing the — NH^ group may result, 

[Hg(§454.455'Au!pt.] 

695. Detection and Estimation. — ^The gas is readily detected by 
its smell and by its alkaline reaction. No other gas except methyl- 
amine and ethylamine (CHgNHo, CgHgNHg) has an alkaline reaction. 
A very delicate test is the formation of a yellow precipitate or 
coloration with Nessler’s solution, an alkaline solution of potassium 
mercuric iodide K 2 Hgl 4 . This process is used for the colorimetric 
estimation of minute traces of ammonia in drinking water, etc. 

Ammonia is estimated, like other alkalis, by titration, the best 
indicator being methyl orange or methyl red. Ammonia in an 
ammonium salt is best estimated by distilling it with sodium 
hydroxide and conducting the distillate, ammonia and steam, into a 
known volume of standard acid. This is titrated after the experi- 
ment and the weight of ammonia is estimated as equivalent to the 
acid used up by the neutralisation of the distillate. 

Ammonium Salts 

696. General Properties. — ^In general the ammonium salts are 
formed by the action of ammonia upon an acid, resemble the salts of 
the alkali metals. The radical -~NH 4 , named ammonium, behaves 
in the combined state very much like the atom of sodium Na — , 
differing chiefly in its behaviour in reactions where strong oxidising 
agents are present. 
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Ammonium salts are solids, white or of the colour appropriate to 
the acid radical. All the commoner salts are soluble in water, only 
the perchlorate, cobaltinitrite and platinichloride being sparingly 
soluble. When heated they either decompose or volatilise below a 
red heat. This property enables them to be separated from the salts 
of the alkali metals. When they are treated with alkalis ammonia 
is formed. 

697. Ammonium Chloride. — ^Ammonium chloride or sal ammoniac 
has been known since the early middle ages. It was then prepared 
by subliming a mixture of salt and the soot of burning camel dung. 
The ammonium carbonate in the soot reacted with the salt, forming 
the chloride 

(NH^lgCOa + 2NaCl = Na 2 C 03 + 

The ammonium chloride vaporised and condensed on the lid of 
the pot used. The name sal 
ammoniac dates from classical 
times, but during the first mil- 
lennium of the Christian era it 
was applied to other sub- 
stances, including common 
salt and possibly ‘ natron,' 
native soda, found near the 
temple of Jupiter Ammon, in 
Egypt. Ammonium chloride 
is now made by neutralising 
the ammoniacal liquor (§§ 647, 

548), of the gas-works with 
hydrochloric acid, evaporating 
and crystallising the solution. 

It is frequently purified by 
sublimation from iron pots on 
to a concave iron plate. 

The decomposition of ammo- 
nium chloride vapour by heat 
is of much interest. Ammo- 
nium chloride vaporises at 135.— Dissociation of ammonium 

about 337° C., and the density chloride, 

of the vapour at 400° C., measured by Victor Meyer's method (§ 62), 
is found to be only half that corresponding to the formula NH^Cl. 
This can only be explained by supposing that each molecule of 
ammonium cUoride dissociates into two molecules oi, say, ammonia 
and hydrogen chloride, 

NH^a^NH, + HCL 
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The vapour, when cooled, forms ammonium chloride once more, 
but it is possible to separate the ammonia and hydrogen chloride 
from the hot vapour by diffusion (§ 54), and so demonstrate their 
presence. The simple apparatus illustrated in Fig. 135 has been 
used to demonstrate this. An inclined tube has inserted in it a 
porous plug of asbestos fibre. Below this is placed a little ammo- 
nium chloride, and this is heated until it vaporises. The ammonia 
formed by the dissociation of its vapour diffuses through the plug 
more rapidly than the denser hydrogen chloride, and pieces of 
litmus paper placed above and below the asbestos plug are coloured 
blue and red respectively by the excess of ammonia and of hydrogen 
chloride. There is still controversy as to whether ammonium 
chloride, when intensively dried by phosphorus pentoxide, dissociates 
in this way (v, § 205). 

Ammonium chloride forms white cubic crystals, resembling those 
of potassium and sodium chloride. When prepared by sublimation 
it has a peculiar fibrous structure. 

It is soluble in water, 100 gms. of which dissolve 35 gms. of 
ammonium chloride at 15° C. and 77 gms. at 100° C. In the 
laboratory it is used as a source of ammonia (§ 691) and more 
extensively in qualitative and quantitative analysis as a source 
of the ammonium ion, the latter being required in order to 
decrease the proportion of hydroxyl ion yielded by ammonia 
(§ 120). 

In industry it has numerous uses. Large quantities are used in 
the electrolytes of the Leclanch6 cells, and in the ordinary dry 
batteries. It is also used as a fiux in tin plating, galvanising and 
soldering. 

698, Ammonium Sulphate (NH 4 ) 2 S 04 finds considerable use as a 
fertiliser. It is the usual form in which ammonia is recovered from 
coal-gas (§ 690). It is a white crystalline salt, readily soluble in 
water, 100 gms. of which dissolve 74-2 gms. ammonium sulphate at 
15° C., 103*3 gms. at 100° C. It has the usual properties of 
ammonium salts and sulphates. 

699. Ammonium Kitrate. — ^Ammonium nitrate is made by the 
action of nitric acid on ammonia, or by the double decomposition 
of ammonium sulphate and sodium nitrate. Sodium sulphate 
crystallises out and the ammonium nitrate is obtained by evapora- 
tion, 

(NH4)2S04 + 2 NaN 08 == 2NH4NO8 + Na2S04. 

Ammonium nitrate forms colourless crystals, which exist in 
several different crystalline forms. It is very soluble in water, 
100 gms. of which dissolve 106 gms. at 15° C. It is of interest 
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on account of its ready decomposition into nitrons oxide and water 
(§ 707), 

NH4NO3 = N2O + 2H2O. 

It has also been used on a large scale as an explosive. 

A mixture of aluminium powder and ammonium nitrate explodes 
under the influence of a detonator of lead azide or mercury fulminate. 
The aluminium burns, 

2A1 + 3NH4NO3 = AI2O3 + 3N2 + 6H2O, 

and the heat produced decomposes the remaining ammonium 
nitrate, forming great volumes of nitrogen, oxygen and steam. It 
is peculiarly safe, for it can neither be ignited by a flame nor 
detonated by any ordinary shock. The salt finds further uses as 
a freezing-salt, a low temperature being reached when a large 
amount of the salt is dissolved in a small quantity of water. 

700. Ammonium Carbonate is obtained by subliming a mixture of 
ammonium sulphate and chalk, 

(NH4)2S04 + CaC03 ^ CaSO^ + (NH4)2C03. 

The vapours are passed into leaden chambers, where they condense 
as solid crusts on the walls. The product actually consists of a 
mixture of ammonium bicarbonate NH4 . HCO3 with ammonium 
carbamate NII4 , 0 . CO , NHj. Carbonic acid has the formula 

/OH /NH3 

CO\ , while carbamic acid is 00\ . It forms a white 

^OH ^OH 

solid which smells strongly of ammonia. The normal carbonate, 
(NH4)2C03, may be made by treating the solid with strong ammo- 
nium hydroxide solution. 

701. Ammonium Sulphides. — The sulphides of ammonium exist only 
in solution. Colourless ammonium sulphide contains (NH4)aS and 
NH4.HS. Yellow ammonium sulphide is a mixture of polysulphides, 
such as (NH4)aSn. When exposed to the air they become oxidised to 
ammonium thiosulphate and sulphur. Ammonium sulphide finds a 
considerable use in analysis (§ 804). 

702. Ammonium Phosphates, (NH4)3HP04, (NH4)HaP04, are com- 
mercial products. They find a use in the fire -proofing of fabrics and 
also in sugar refining. 

HyDKAZINB N2H4 

708. Preparation and Properties of Hydrazine.-- This hydride of 
nitrogen is basic like ammonia, but much less so. 

Hydrazine is made by the action of sodium hypochlorite on ammonia 
in the presence of a small quantity of glue. The glue acts in a manner 

Lh 2 
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not clearly understood, but its use prevents the oxidation of the 
ammonia to nitrogen. Probably chloramine NHaCl is first formed, 

NHg -f NaOCl = NHaCl + NaOH 
NHjCl + NH3 + NaOH = N2H4 + NaCl + HaO. 

The solution is made acid with sulphuric acid, and the sulphate 
N2H4.H2SO4 crystallises out. 

Hydrazine salts do not give with alkalis free hydrazine N2H4, but a 
stable hydrate NHa* From this the pure base is obtained with difii- 

NHjOH 

culty by the action of such a powerful alkaline dehydrating agent as 
barium oxide BaO. 

BaO -f NaHeO = Ba(OH)2 + N2H4. 

The free base is bettor prepared by the reaction of sodium methylate 
and hydrazine hydrochloride in solution in dry methyl alcohol, 

NaOCHa + NaH4.HCl - NaCl + CH3OH + NaH4. 

Properties , — Hydnizine is a colom’less liquid, which combines with 
water, giving a weakly alkaline solution of the hydrate?. Hydrazine 
hydrate and hydrazine salts are strong reducing agents, being oxidised 
to nitrogen or ammonia. They reduce the salts of the noble metals and 
of copper to the metal, fenic salts to ferrous salts, etc. 

The salts in solution give the ion N2H5+, 


Hydrazoic Acid 

704. Preparation and Properties of Hydrazoic Acid, Azoimide, N 3 H. — 

The sodium salt of this remarkable compound is made by the action of 
nitrous oxide on sodamide. Ammonia is passed over heated sodium, 

2Na + 2NH3 = 2NaNHa + H*, 

and nitrous oxide passed over the molted sodamide, 

NaNHa + ONg = NaNg + HgO. 


The latter salt when distilled with 60 per cent, sulphuric acid yields 
hydrazoic acid. 


The formula of the acid may be H — 


/N 


but there is evidence that it js N N — NH. Tfie X-ray diagrams 
of azides show that the three nitrogen atoms lie in a straight line. The 

ion may be [: N | N .* N : j ” or [n^— N— >^N ] ”, This agrees well with 

the method of preparation, for nitrous oxide is probably : N N : 0 : 

The acid is a highly poisonous volatile liquid boiling at 37° C. It 
explodes when heated or struck. It is an acid of about the strength of 
acetic acid (dissociation constant c. 1*8 x 10~®). Most of its salts, the 
azides, are very sensitive explosives, and lead azide Pb(Na)a is used as a 
detonator in plane of mercury fulminate (q,v, § 447). The azides of the 
alkali and alkaline earth metals are not explosive but decompose 
quietly when heated, yielding very pure nitrogen. 
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Hydboxylaminb 

705. Hydroxylamine NHgOH. — ^Hydroxylamine may be made by 
passing nitric oxide into a solution in which tin is reacting with hydro- 
chloric acid. 

2NO -f 6H = 2NHaOH. 

The hydrochloride HO . NH3CI is formed. 

The best method is by the action of sulphites on nitrites. A con- 
centrated solution of sodium nitrite (2 mols.) is mixed with a solution of 
sodium carbonate (1 mol.) and sulphur dioxide passed in till just acid. 
The reaction 

HO.NO + 2HaS03 = H0.N(S03H)2 + HaO 
takes place. The salt H 0 .N(S 03 Na)a is formed and the solution is 
warmed to 90° C. with dilute sulphuric acid, when hydroxylamine 
sulphate is formed, 

H0.N(S03Na)a + 2H2O == H0.NH2.HaS04 + Na^SO^. 

The salt is crystallised out. The free hydroxylamine is made by the 
action of sodium methoxide on the hydrochloride, 

HO.NH3CI + CHgONa = NaCl + CH3OH + NHaOH. 

Hydroxylamine is a white solid and is extremely unstable, decomposing 
into ammonia and nitrogen, 

3NHaOH = NH 3 + Ng + SHgO. 

Its salts arc fairly stable. They are powerful reducing agents, con- 
verting the salts of the noble metals into free metal and cupric salts into 
cuprous oxide. Oxides of nitrogen or free nitrogen are the products. 

On the other hand, hydroxylamine salts oxidise ferrous salts to ferric 
salts, ammonia being formed. 


It should be noted that hydroxylamine, hydrazine, ammonia, and, 
in general, all basic compounds where salts are formed by attach- 
ment of the acid radical to nitrogen, form salts by addition of the 
whole acid molecule, not by replacement of the acid hydrogen. In 
each case we have 


X- 




H 


H 


+ HA = X - 



or, represented according to the electronic theory of valency, 


X : N : + [h]“^ - l^x : N : hJ 

This behaviour of the — NHg or amino group is of peculiar 
interest on account of the commonness of amino-compounds in 
organic chemistry. These salts are often known as “ hydro- 
chlorides/’ etc. Thus we speak of HO . NHjOl as hydroxylamine 
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hydrochloride rather than as hydroxylammonium chloride, and oi 
CH3NH3CL as methylamine hydrochloride rather than methyl- 
ammonium chloride* None the less, these are all true chlorides, and 
furnish the chloride ion in solution, 

CH3NH3CI [CH3 . NH3]+ + C1-. 

THE OXIDES AND OXYACIDS OF NITROGEN. 

706. Oxides and Oxyacids of Nitrogen. — These compounds are for 
the most part of great industrial importance. The demand for 
nitrates as fertilisers and for nitric acid in so many important 
industries, such as the manufacture of explosives, dyes and drugs, 
has led to the development of methods of manufacture based on the 
formation of oxides of nitrogen from the air and the subsequent 
conversion of these to nitrates. 

There are six oxides of nitrogen : — 

Nitrous oxide 
Nitric oxide 
Dinitrogen trioxide 
Nitrogen tetroxide (peroxide) 

Nitrogen pentoxidc 
Nitrogen trioxide 

The oxyacids of nitrogen include : — 

Hyponitrous acid . 

Hydronitrous acid 
Nitrous acid 

Nitric acid .... 

(Pemitric acid 

Nitrous Oxide 

707. Preparation. — The gas was discovered by Priestley, who 
acted on nitric oxide (nitrous air) with moist iron filings. He 
obtained a gas, ‘diminished nitrous air,* which had properties 
diflPerent from nitric oxide, 

2NO + Fe + H2O = N2O + Fe(OH)2. 

Davy investigated its properties in 1799. 

Nitrous oxide is best prepared — 

(1) By the action of heat on ammonium nitrate. 

(2) By the action of stannous chloride on nitric acid. 

The preparation of the gas’ by reduction of nitrites and nitrates 
may be carried out in several ways, but the above (2) is the simplest. 

(1) It is necessary to take ca<re that ammonium nitrate be not 
heated too strongly, particularly if it is not pure. Violent and even 


NgO 

NO 

N3O3 (N4O3) 

NOg^NA 

N2O5 

NO3 


- H3N2O2 

. H0NO2 
. HNO2 
. HNOg 
. HNO3) 
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explosive evolution of gas may occur if the temperature rises too 
high, 

NH4NO8 = NgO + 2H2O. 

Thirty grams of ammonium nitrate are placed in a 500 c.c. round- 
bottomed flask fitted with safety tube, thermometer and delivery 
tube, and wash-bottles as described below. The flask is steadily 
heated to 255® C., care being taken that the evolution of gas is not 
too rapid. A mixture of ammonium sulphate and sodium nitrate 
may be used and gives a slower current of gas (cf. § 679 ( 1 )). The 
gas should be collected over mercury or over hot water, for its 
solubility in cold water is inconveniently great. 

The gas as it leaves the flask contains much moisture and some 
nitric oxide and traces of chlorine arising from ammonium chloride 
present in the nitrate as an impurity. 

These are removed by washing with ferrous sulphate and caustic 
soda solutions and drying with sulphuric acid. The last process is, 
of course, omitted if the gas is to be collected over water. 

(2) A solution containing 5 parts of stannous chloride, 10 parts 
hydrochloric acid (sp. gr. 1*21), and 0*9 part nitric acid (sp. gr. 1*38), 
when heated to boiling evolves a stream of nitrous oxide, which 
should be washed and dried as above, 

2 HNO 3 + 4SnCl2 + 8HC1 == 4SnCl4 + 5 H 2 O + N 2 O. 

708. Formula. — The decomposition of nitrous oxide by heated 
copper shows that 1 volume of the gas yields 1 volume of 
nitrogen. The formula is therefore N 20 ,^. Since the vapour 
density is 22 (Hg = 1), the molecular weight is 44 and the formula 
N 2 O, (2 X 14 + 16). Its structure is linear and is probably N^N“~>0 

709. Physical Properties. — ^Nitrous oxide, sometimes called 
‘ laughing gas,’ is a colourless gas which has a sweetish taste and 
pleasant odour. The smell of the gas as given by the dentist is 
largely due to the rubber bag from which it usually is administered. 

Nitrous oxide is not poisonous and, when mixed with enough 
oxygen to enable it to support life, may be inhaled for hours. In 
small quantities it is said to produce exhilaration, and Davy, after 
inhaling it, eapered and danced round the laboratory ‘ like a 
madman.* 

The gas probably affects the highest mental functions ^ first, and, 

^ “Nitrous oxide . . . when sufficiently diluted with air stimulates the 
mystical consciousness in an extraordinary degree. Depth beyond depth of 
truth seems revealed to the inhaler. This truth fades out, however, or 
escapes, at the moment of coming to ; and if any words remain over in which 
it seemed to clothe itself, they prove to be the veriest nonsense. Nevertheless, 
the sense of a profound meaning having been there persists ; and I know more 
than one person who is persuaded that in the nitrous oxide trance we have 
a genuine metaphysical revelation.” — ^William James : “ The Varieties of 
Religious Experience.” 
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like alcohol, causes a man to lose control of his behaviour and follow 
his instincts. Davy laughed and capered because he was exhilarated 
by making a scientific discovery ; dental patients often hit the 
dentist, but do not commonly laugh. 

In larger quantities nitrous oxide produces anaesthesia of a safe 
but not very deep type. It is chiefly used for dental operations, 
but finds considerable use in surgery, and is often used to induce 
anaesthesia, which is then maintained by ether or chloroform. 

Nitrous oxide liquefies when cooled to a liquid boiling at — 88® C. 
Its critical temperature is c. 36® C., and it can therefore be liquefied 
by pressure alone. The liquid solidifies at — 102® C. The gas is 
moderately soluble in water. At 15° C. water dissolves about three 
quarters of its volume of the gas. 

Nitrous oxide is readily decomposed by heat into its components, 

2N2O = 2N2 + O2, 
at a red heat and above. 

It therefore readily supports combustion, for almost any burning 
substance is hot enough to decompose the gas and so form a mixture 
of nitrogen and oxygen, which supports combustion more vigorously 
than air. Feebly burning sulphur or a splinter just tipped by a 
feeble spark do not produce enough heat to do this and are extin- 
guished in the gas. 

Like all oxides of nitrogen it is decomposed when passed over red- 
hot copper, 

N 2 O + Cu = CuO + Ng. 

It behaves as a neutral oxide. It has the formula of the anhydride 
of hyponitrous acid HgNaOg, but shows none of the properties of an 
acidic oxide. 

710. Detection. — ^Nitrous oxide may be distinguished from 
oxygen by the fact that it is not absorbed by sodium p 3 rrogallate 
solution, and does not give brown nitrogen tetroxide when mixed 
with nitric oxide. From other neutral gases it is distinguished by 
the fact that it relights a brightly glowing splinter of wood.* If other 
nitrogen oxides are contained in the gas mixture these should be 
removed by absorption with ferrous sulphate solution. 

Nitbio Oxide 

711. Historical. — ^Nitric oxide was apparently prepared by van 
Helmont and later by Mayow in 1674, but was &st investigated by 
Priestley in 1772. In each case the gas was prepared by the action 
of metals on nitric acid. 
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712. Preparation. — (1) Nitric oxide is formed when mixtures of 
nitrogen and oxygen, e.gr., air, are exposed to very high temperatures, 

N2 + 02^2N0. 

The reaction is fully discussed under synthetic nitric acid (§737). 

(2) Nitric acid reacts with most metals (§ 744), and the normal 
product of the action of the moderately diluted acid upon metals 
is nitric oxide. Nitric acid (sp. gr. 1*2 ^) is best used and is allowed 
to act on copper turnings. The gas contains a certain amount of 
nitrogen tetroxide. It may be somewhat purified by passing 
through water or by absorption in ferrous sulphate solution, from 
which it is again liberated by the action of heat. 

(3) A pure gas is obtained by the action of sulphuric acid on a 
mixture of ferrous sulphate and potassium nitrate. The use of the 
concentrated acid covered by a layer of water gives the best results, 
2KNO3 + 6FeS04 + 4H2SO4 = 3Fc2(S04)3 + K 2SO4 + 2NO + 4H2O. 

(4) A very pure gas is prepared by dropping 50 per cent, 
sulphuric acid into a concentrated solution of sodium nitrite 
(2 parts) and potassium iodide (1 part), 

2HNO2 + 2HI = 2NO + I2 + 2H2O. 

The gas may also be prepared by numerous other methods based 
on the reduction of nitrites and nitrates. 

713. Formula. — The gas may be decomposed by a heated nickel 
spiral (§ 684), when it is found that (a) the gas is halved in volume 
while (6) the nickel increases in weight by 53*33 per cent, of the 
weight of the gas, 

2Ni + 2NO == 2NiO + Ng. 

The first piece of evidence {a) shows that one molecule of nitrogen 
(N2) forms two molecules of nitric oxide, and that consequently the 


formula is NO„. 


The percentage of oxygen in this must be 


100 X 16n 
14 + 16n' 


and since this is equal to 53*33 (5), n must be 1 and the formula is 
NO. This formula cannot be reconciled with the usual valency 
relationships of oxygen and nitrogen, and may be written N = O. 

We may write this O I N * or perhaps O j N : 


Nitric oxide is one of the few compounds with an odd number of 
valency electrons. Its reactivity is in favour of this formula. It is 
hard to understand why the double molecule, NgO 2 , O = N — N = O, 
is not formed. 


714. Physical Properties. — ^Nitric oxide is a colourless gas, the 
smell and taste of which cannot be ascertained, since it reacts with 


^ Equal parts of water and * concentrated ' nitric acid (sp. gr. 1*4). 
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air and forms the pungent nitrogen tetroxide. The gas is heavier 
than air [D. 15 (Hg = 1), 1*038 (air == 1)]. It is liquefied and solidi- 
fied only at very low temperatures, the melting point being —160*6® 
C., and the boiling point —150*2® C. 

It is sparingly soluble in water, which dissolves about one- 
twentieth of its volume of the gas at 15° C. It dissolves freely in 
solutions of ferrous salts, with which it combines chemically. 
Loose compounds of dark colour, such as FeS04 . NO, FeCl2 . NO, 
are formed and have in some cases been isolated. Solutions of 
copper sulphate, and of nickel, cobalt, and manganese salts, also 
dissolve the gas, probably forming similar compounds. 

715. Chemical Properties. — Nitric oxide is decomposed only at 
high temperatures. The reaction is 

N2 + O2 ^ 2NO - 43*15 Cals. 

It therefore follows that a rise of temperature tends to increase the 
proportion of nitric oxide present in the equilibrium mixture. At 
lower temperatures, below 500® C., the reaction is so slow that 
equilibrium is not reached and the gas appears stable. Round 
about 1,500® C. the gas decomposes almost completely, equilibrium 
being rapidly attained. At higher temperatures, up to 3,000° C., 
the equilibrium shifts to the right, and a fair proportion of the gas 
(up to 5 to 6 per cent.) persists at equilibrium. 

Most combustibles are extinguished by the gas, but strongly 
burning phosphorus or charcoal decomposes the gas and burns 
brilliantly in the oxygen so produced. 

Many metals are oxidised when heated in the gas, 

2Cu + 2NO = 2CuO + Ng. 

The gas can be reduced and also oxidised. 

Oxidising agents convert the gas into nitrogen peroxide or nitric 
acid. The gas is particularly notable as combining directly with 
oxygen in the cold, forming the brown gas, nitrogen tctroxide, 

2NO + 02 = 2NO2. 

If the reaction takes place over water the latter gas is absorbed. The 
earliest method of determining the proportion of oxygen in a gas 
was to collect it in a graduated vessel over water or caustic potash, 
and bubble in nitric oxide as long as any brown colour was produced. 
The diminution in volume indicated the proportion of oxygen 
present. Other oxidising agents mostly produce nitric acid. Thus, 
with iodine in dilute solution nitric acid and hydrogen iodide are 
produced, 

3I2 + 4H2O + 2NO = 2HNOs + 6HI. 
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With potassium permanganate, nitric acid is formed, 

lONO + 6 KMn 04 + I 2 H 2 SO 4 = IOHNO 3 + 6 KHSO 4 

+ 6MnS04 + 4H2O. 

Nitric oxide reacts with certain reducing agents. Thus the 
metals (v, supra) reduce it to nitrogen, and when it is exploded with 
hydrogen the same result occurs, 

2 NO + 2H2 = 2H2O + Ng. 

If, however, the gas mixed with hydrogen is passed over platinum 
black or certain other metallic catalysts it is reduced to ammonia, 
2NO + 5 H 2 = 2 NH 3 + 2 H 2 O. 

Some reducing agents, such as sulphurous acid, reduce it to nitrous 
oxide, 

2NO + H 3 SO 3 = N 3 O + H 2 SO 4 , 

while stannous chloride reduces it to hydroxylamine (q.v.). 

Concentrated aqueous potassium hydroxide decomposes the gas, 
forming nitrites and nitrous oxide, 

4NO + 2KOH = N 2 O + 2 KNO 2 + H 2 O. 

The addition products of nitric oxide and metallic salts have been 
alluded to above (§ 714). With chlorine and bromine it combines 
additively, forming nitrosyl chloride and nitrosyl bromide, 

2NO + CI 2 = 2N0CL 

716. Detection. — The production of a brown colour when a gas 
is mixed with air is evidence of the presence of nitric oxide. If 
nitrogen peroxide is also present, difficulty is caused by the reaction 
of the two gases to form the acidic trioxide. For this reason, 

NOa + NO^F^NgOg 

nitric oxide cannot, unless it is in large excess, be separated from 
nitrogen peroxide by absorption with water or potash. 

Dinitrogen Trioxide. 

717. Preparation. — ^This unstable compound is prepared by mixing 
nitric oxide and nitrogen peroxide, 

NO, + N0f^N303. 

On cooling the mixture to — 30® C. the trioxide condenses as a blue 
liquid. 

It may also be prepared by the action of nitric acid on arsenic 
trioxide, 

ASjO, + 2HNO, = N.O, + 2HAsO,. 

Acid of sp. gr. 1’6 should be used, cooling often being necessary to 
moderate the reaction. The gases are dried over calcium chloride and 
condensed in a U-tube cooled in ice and salt. 
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Tlie action of nitric acid, five to six times normal (sp. gr. 1*17), on 
copper yields the trioxide, 

6HNO3 + 2Cu = 2Cu(N03)a + SHgO + NgOg. 

In both the last cases very little of the actual trioxide is formed, the 
gas being mainly a mixture of nitrogen tetroxide and nitric oxide, 
which react on cooling to form the liquid trioxide. 

718. Physical Properties. — ^Dinitrogen trioxide is at room tempera- 
tures about 97 per cent, dissociated into nitrogen peroxide and nitric 
oxide. It behaves therefore, physically and chemically, like a mixture 
of these gases. The liquid boils at — 2° C.^ and it is not dissociated 
below — 21° C. 

The gas at ordinary temperatures contains the molecules NgOj, 
N^Oe, NO, NOg and NgO^. 

The gas in most respects behaves as a mixture of these gases. Thus 
the gas reacts with w^ater, forming both nitrous and nitric acids, free 
nitric oxide remaining undissolved. It is, however, absorbed by dry 
potash, forming only potassium nitrite, 

NgOa + 2KOH = 2KNOa + IlgO. 

Nitrogen Tetroxide. 

719. History. — Nitrogen tetroxide in the form of ‘brown 
fumes ’ was noticed by Hales, Priestley and Schcele. Its formula 
was first accurately determined by Gay-Lussac in 1816. 

720. Preparation. — (1) Nitrogen tetroxide may be made by mix- 
ing nitric oxide and oxygen in the proportions indicated in the 
equation 

2NO + 02 = N2O,. 

The method is not a convenient one in practice. 

(2) The decomposition of the nitrate of any one of the heavy 
metals by heat produces the gas mixed with some oxygen. Lead 
nitrate is best, for since it is anhydrous, the gas from it is dry, 

2Pb(N03)2 = 2PbO + 2N2O4 + Og. 

(3) The action of nitric acid on sodium nitrite yields the gas, 

NaNOg + 2HNO3 = NaNOg + HgO + N2O4. 

In each case the gas may be collected by downward displacement, 
or, better, dried with phosphorus pentoxide and condensed in a 
U-tube surrounded by ice and salt. It forms a yellow liquid, which 
may be vaporised once more, giving the pure gas. 

721. Physical Properties. — ^Nitrogen tetroxide is a brown gas 
which deepens in colour when heated owing to dissociation (v. 
below). It has a pungent smell and acid taste and is very poisonous. 

^ Widely varying figures, —27° C. to 43° 0 ., are given. The difi^erenoes 
depend perhaps, on the degrees of purity and dryness of the material. 
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When cooled it condenses to a yellow liquid, boiling at 22® C., and it 
freezes to a colourless solid melting at — 11® C. 

The density of the gas does not correspond to the value for the 
formula NO2 or N2O4, but is intermediate between the two values. 



Fig. 130. — rroparation of nitrogen tetroxide from lead nitrate. 

The densities of nitrogen peroxide at various temperatures have been 
determined, and from them we deduce that nitrogen tetroxide con- 
tains both molecules, NOg and N2O4, in equilibrium. 


Temperature. 

[ Obaerved Density of Gas 
referred to Hydrogen at the 
same Temperature. 

Per cent. NO, by Volume 
(calculated). 

26-7 

38*16 

34*0 

39-8 

35*4 

46*0 

60*2 

29*9 

69*8 

80-6 

26*9 

87*7 

100*1 

24*2 

94*8 

121*6 

23*3 

98*6 

136*0 

23*06 

98*8 


The calculation of the percentages of NO, and N 2 O 4 by volume may 
be performed as follows ; — 

Let 11*2 litres of the gas contain x litres of NO, and ( 11'2 — x) litres 
of N, 04 . 
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The weight of 1 1*2 litres of the gas is the density referred to hydrogen. 
The weight of the NO a and Na 04 is their volume in litres multiplied by 
their molecular weight and divid^ by 22*4. 


V.D. 


xA6 (ll*2-ar)92 
22-4 22*4 


V.D. = 46 


(22-4 - X) 
22-4 


If wo term the percentage of NOg p, x 
and we have 


n-2p 
100 ' 


V.D. 


46 (22-4 - *112 p) 
22*4 


and 


V.D. = 46(1 ~ *006 p). 

V.D. 

p = 200 (l 


722. Structure and Formula. — ^The considerations of its density 
(above) and the decomposition of the gas by copper or nickel 
(cf. § 713) show that the gas is an equilibrium mixture, 


2N02^N204. 

O fo; 

♦ 

NO 2 is probably ^ ! 

o : o : 


While N 2 O 4 is 


O'* 


“o 


The nitrogen atom in NO 2 has only a septet of electrons and is 
ready to complete its octet by forming addition products. 

723. Chemical Properties. — ^Nitrogen tetroxide does not bum, nor 
does it support tlie combustion of feebly burning substances. Sub- 
stances such as phosphorus and glowing charcoal, which produce a 
high temperature when they bum, decompose the gas and burn in 
the oxygen produced, 

2 NO 2 + 20 = 2C0a + Ng. 

Some substances are oxidised when heated in the gas and reduce 
it only to nitric oxide. Thus carbon monoxide bums in the gas, 
forming carbon dioxide and nitric oxide, 

CO + NOa = COa + NO. 

Sodium and some other metals behave similarly, 

Pb + NOa = PbO + NO. 

Nitrogen peroxide is absorbed by certain metals, forming * nitro- 
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metals/ which are sometimes regarded as compounds, but are 
more probably the result of adsorption. 

Certain salts form loose compounds with nitrogen peroxide, such 
as 4FeCl2 . NOg, much resembling the compounds formed with nitric 
oxide, such as rcS04 . NO. 

Nitrogen tetroxide reacts with water, first of all forming nitric and 
nitrous acids, 

N2O4 + H2O = HNO2 + HNO3. 

The nitrous acid then decomposes. If but little water is present, 
nitrogen trioxide and water result, 

2HN02^N203 + H20, 

but in presence of much water nitric acid and nitric oxide are 
formed, 

3HNO2 = HNO3 + 2 NO + H2O. 

The net result of passing nitrogen tetroxide into much water is then 

3N2O4 + 2H2O = 4HNO3 + 2 NO. 

The reaction is of importance in the synthesis of nitric acid (p. 532). 

Nitrogen peroxide is absorbed by alkalis, nitrates and nitrites 
being formed, together with a little nitric oxide according to the 
equations 

(1) N2O4 + HgO = HNO2 + HNO3 

HNO3 + HNO2 + 2 KOH = KNO3 + KNO2 + 2H2O 

( 2 ) r 3 HN 02 == HNO3 + 2 NO + H2OI 
LHNO3 + KOH = KNO3 + H2OJ' 

On account of this formation of nitric oxide caustic alkalis are not 
very perfect absorbents for nitrogen peroxide. Nitrogen peroxide is 
soluble in strong sulphuric acid, forming nitrosyl-sulphuric acid and 
nitric acid, 

2NO2 + H2SO4 == NO2 . SO3H + HNO3. 

724, Detection. — ^Nitrogen tetroxide is recognisable by its odour 
and its brown colour. It is an oxidising agent and liberates iodine 
from potassium iodide. 

Nitrogen Pentoxidb. 

726. Preparation. — (i.) Nitiogen pentoxide is most readily made by 
the action of phosphorus pentoxide on pure water-free nitric acid. The 
latter is mix^ in a cooled distilling flask with twice its weight of the 
former. The fiask is then heated to 60-70® C. and the nitrogen pent- 
oxide is distilled over in a current of air and condenses as a yellow solid 
in a series of well-cooled wash -bottles, 

PgOs -f 2HNO3 « NjOj + 2HPO3. 
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(ii.) The .action of chlorine on dry silver nitrate produces nitrogen 
pentoxide, 

4 AgN 03 + 2CI2 - 2 Na 05 + 4 AgCl + O2. 

Nitrogen pentoxide forms white crystals (in.p. 29 - 5 ° C.)- It begins 
to decompose above its melting point and explodes when rapidly 
heated, 2N2O6 = 2N2O4 + Og. 

With water nitric acid is formed, much heat being evolved, 

N2O5 + HgO = 2HNO3. 

726. Nitrogen Trioxide NO 3 has been prepared by the action of the 
glow discharge on nitrogen dioxide and oxygon. It is a colourless solid 
unstable above — 140 ° C. 

OxYACiDS OF Nitrogen. 

727. Hyponitrous Acid H 2 N 2 O 2 , HO — N — N — OH. — Hyponitrous 
acid and hyponitrites are prepared, as a rule, by reduction of nitrites. 

Thus, if a cold solution of sodium nitrite is reduced by sodium 
amalgam the hyponitrite is formed, 

2 NaNOa + 4 H = NagNaO, + 2H2O. 

The addition of silver nitrate to the neutralised solution precipitates 
silver hyponitrite, which may be rubbed in a mortar with cold dilute 
HCl and the solution of hyponitrous acid filtered off, 

AgaNjOj + 2 HC 1 = HaNjOj + 2 AgCl. 

Hyponitrites are also prepared by the action of sulphites upon nitrites. 

Hyponitrous acid in the pure state forms white leaflets, which explode 
when rubbed. The solution is a very weak acid which does not decom- 
pose carbonates. It decomposes slowly in air into nitrous and nitric 
acids, 

2H8N2O2 -f 3O2 = 2 HN 08 + 2HN62. 

When boiled it gives nitrous oxide, 

H2N2O2 = H2O + NjO. 

It is a reducing agent, being oxidised by permanganate to nitrates. 

Its structural formula is indicated by the decomposition of its ethyl 
ester, 

(C2H5)2N202 --- C2H3OH + C2H4O + N2. 

Ali-ohol, Aldehyde. Nitn;^en. 

which shows that it contains the azo-group — N = N — and its 
formula is therefore probably HO — N = N •— OH. 

728. Hydronitrites. — Sodium hydronitrite NagNOg has been made 
by the interaction of sodium nitrite and sodium dissolved in liquid 
ammonia. It is unstable, decomposing violently at 100 - 130 ° C. The 
aoid H2NO2 has not been isolated. 

Nitrous Acid HNO,. 

729. Preparation of Nitrons Acid. — ^Nitrous acid is unstable and 
cannot be preserved, but its salts, the nitrites, are stable compounds. 

Nitrous acid is formed — 

(1) By the action of nitrogen trioxide on water at 0® C., 

NjOs + H ,0 = 2HNO2. 
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( 2 ) Nitrites when treated with dilute acids yield nitrous acid, 
which almost immediately begins to decompose. The pure dilute 
acid is obtained when barium nitrite solution is decomposed by the 
theoretical quantity of ice-cold dilute sulphuric acid. In this way 
a roughly fifth-normal solution can be obtained. 

Ba(N0a)2 + H^SO* = BaS 04 | + 2 HNO 2 . 

The acid may be decanted or filtered from the insoluble barium 
sulphate. 

730. Formula. — ^Nitrous acid has the formula HNOg, as shown by its 
monobasic character and its formation from nitrogen trioxide and water. 
Its structure appears to be in some cases, 

H 

and sometimes HO — N == O 

Probably it is an equilibrium mixture, 

H~N<( ^ H0-~N=0, 

: 0 : 

or H:N: 0 : ^ HrbiN.iO 

731 . Properties of Nitrous Acid. — ^Nitrous acid forms a blue solu- 
tion which rapidly decomposes even in the cold, evolving nitric 
oxide and leaving dilute nitric acid, 

3HNO2 ^ HNO3 + 2 NO + H2O. 

At higher temperatures nitrogen peroxide and nitric oxide are 
evolved, 

2HNO2 ^ NO + NO2 + H2O. 

Nitrous acid is a very reactive substance. It acts both as a 
reducing agent and an oxidising agent. 

Thus most oxidising agents (permanganates, diehromates, 
chlorine, bromine) convert it into nitric acid, e.gr., 

HNO2 + Brg + H2O ^ HNO3 + 2 HBr. 

Nitrites may be titrated with permanganate, the reaction being 
6KNO2 + 2KMn04 + 4H2SO4 == 5KNO3 + 2KHSO4 
+ 2MnS04 + 3H2O. 

Reducing agents convert nitrous acid into nitric oxide. Thus 
stannous chloride reduces it, 

Sna* + 2 HC 1 + 2HNO2 == SnCl4 + 2H2O + 2 NO, 
as do also sulphur dioxide and hydrogen sulphide. 


T.U 


M If 
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Nitrous acid reacts with ammonia and with many substances 
containing the — NHj group, liberating water and nitrogen 
{§ 679 (1) ), 

NH, + HNOj = NH^NOg = N* + 2HjO. 


Thus nitrous acid and urea give carbon dioxide, water and nitrogen, 


CO 


/NH, 

"^NH, 


+ 2HNO, 


= CO, + 3H,0 + 2N, 


With certain organic amines 
(liazo-compounds containing the 


CgHaNHaCl + HNOa = _ n - Cl + 2 HaO. 

Ill 

N 

Aniline hydrochloride. Benzonodlazonlum chloride. 

These diazo compounds give dyestuffs of intense colour with certain 
amines and phenols, and a sensitive test for nitrites depends on their 
reaction with metaphenylene-diamine hydrochloride, CgH4(NHa)2HCl, 
to form a dyestuff — Bismarck brown. 


(the aromatic amines in particular) 
— N ~ group are produced, 


732. Nitrites. — ^The nitrites of the alkali metals are prepared by 
heating the nitrates with or without the addition of a reducing agent 
(§ 242), 

They are for the most part very soluble salts. All nitrites except 
those of sodium and potassium are decomposed by heat into 
oxides of nitrogen and a metallic oxide. With acids nitrous acid is 
liberated (v. § 729). Numerous complex nitrites are known, among 
which are notable the cobalti-nitrites (§ 1192). Sodium nitrite 
(§ 242) finds much use in the dye industry. 


Nitric Acid HNOg 

733. History. — ^Nitric acid was first described by Geber, c. a.d. 778, 
as being made by the distillation of nitre, blue vitriol and alum. 
The latter, when heated, formed sulphuric acid, which reacted with 
the nitre. The preparation from sulphuric acid and nitrates was 
originated by Glauber in 1648. 

Lavoisier showed that the acid contained oxygen, and later that 
it was composed of nitrogen, hydrogen and oxygen. 

734. Occurrence. — ^Free nitric acid is formed by lightning flashes, 
which bring about the combination of the oxygen and nitrogen of 
the air according to the reactions outlined on pp. 533, 534 below. 
These traces of nitric acid, carried down by rain water, a^ord one 
of the chief sources of soil nitrogen. 
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735. Preparation of Nitric Acid. 

(1) Nitric acid is made on the laboratory scale by the distillation 
of a nitrate, usually of potassium, with sulphuric acid. Equal 
weights may be used and the acid distilled over into a cooled receiver, 

KNO3 + H2SO4 = KHSO4 + HNO3. 

The product contains some dissolved nitrogen tetroxide, which 
colours it yellow, and usually also a little water. It is purified by 
mixing it with concentrated sulphuric acid, distilling again and 
‘ washing ’ the nitrogen tetroxide out of the acid by blowing through 
the warm acid a current of dry air. 

(2) Nitric acid can be made by oxidising ammonia and by the 



Fig. 137. — Laboratory preparation of nitric acid. 


direct combination of nitrogen and oxygen in presence of water. 
These important processes are discussed below. 

736. Manufacture of Nitric Acid from Sodium Nitrate. — Sodium 
nitrate is obtained in great quantities from the nitre beds of Chile 
and Peru (§ 242), and this salt is one of the chief sources of nitric 
acid. ^ 

On the commercial scale approximately equal weights of * oil of 
vitriol ’ (crude sulphuric acid) and sodium nitrate are distilled in a 
cast-iron retort. The reaction takes place as described, 

NaNOa + H3SO4 = NaHS04 + HNOj, 

in the last section, and nitric acid is driven oft. 

The greatest part of the vapour is condensed in water-cooled 
earthenware or silica pipes. The uncondensed gases are passed over 
stoneware balls contained in a small tower down which water flows, 
being continually circulated until it becomes fairly strong acid. 

The residue in the retort is mostly sodium bisulphate, arising 
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from the decomposition of the sodium hydrogen sulphate first 
formed, 

2 NaHS 04 = NagS A + HgO. 

This residue, being readily fusible, is run out of the retort in a 



Fig. 138. — Manufacture of nitric acid from sodium nitrate. 


liquid condition. It was a former practice to conduct the distilla- 
tion at such a high temperature that the reaction to normal sodium 
sulphate took place, 

2NaN03 + H2SO4 == Na2S04 + 2HNO3, 

thereby obtaining twice as much nitric acid from a given weight of 
sulphuric acid. This is no longer done, for the labour of digging out 
the infusible sodium sulphate is such that it pays better to use more 
acid and empty the retorts by simply opening a plug. 

737. Manufacture of Nitric Acid directly from Air and Water. — 
When a mixture of nitrogen and oxygen is subjected to a very high 
temperature some nitric oxide is formed according to the equation, 
Ng + O2 ^ 2NO - 43,200 cals. 

Since heat is absorbed when nitric oxide is formed, the percentage 
of nitric oxide in the mixture at equilibiium becomes greater as the 
temperature becomes higher. (Law of van't Hoff and Le Chatelier, 
§ 111.) It is only at temperatures between 2,000® C. and 3,000® C. 
that a useful 3deld of nitric oxide is obtainable, The only means of 
obtaining such a temperature cheaply is the use of the electric arc. 
If the nitric oxide so formed be allowed to cool slowly the equili- 
brium shifts back to the left and only oxygen and nitrogen remain, 
but if the gases are cooled very quickly to a temperature below 
1,000® C. the equilibrium has not time to readjust itself entirely. The 
rate of decomposition of nitric oxide below 1,000® C. is so slow as 
to be immeasurable. The problem is then to heat air to the highest 
temperature possible and cool it quickly. The method adopted 
varies somewhat. The Birkeland-Eyde process, described below, 
is now but little used, but is worth describing as having been the 
first method used for the fixation of atmospheric nitrogen. 
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A large electric arc is spread into a thin disc of flame by the action 
of an electro-magnet. The arc between two electrodes carries a current 
and therefore tends to move in a magnetic field. The direction of the 
current being reversed many times a second, the arc travels alternately 
in each direction and sjjreads into a thin, intensely hot flame, some 



Fia. 139. — Sections of Birkeland-Eyde arc furnace. 


6 feet in diameter. Air is directed into this sheet of flame and forms 
a proportion of nitric oxide (c. 1 per cent.). This is carried off and 
cooled by passage through the tubes of a series of fire-tube boilers, 
which raise the steam necessary for all the operations carried on at the 
works (except, of course, the generation of the electricity). The mixture 
of nitric oxide and air is converted into nitric acid as in § 738, 
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788. Manufacture of Nitric Acid from Ammonia.— This is now the 

most important method of manufacture. If a mixture of ammonia 
gas and air be passed through a heated tube nitrogen and water are 
the normal products, 

4NH3 + 30 a = 2N2 + 6H2O. 

But if the tube contains metallic platinum in 
any form the reaction takes another course and 
nitric oxide is produced, 

4NH3 + 6O2 = 4N0 + 6HaO. 

On the commercial scale synthetic ammonia, 
made as in § 689, may be readily oxidised to 
nitric acid. A mixture of ammonia and air 
in the proportion of about one volume of 
ammonia to nine of air is passed through a 
cylinder of heated platinum wire gauze (Fig. 
140), when it is rapidly and completely oxidised 
to nitric oxide. The gases, when they have 
cooled to 200°-250° C., undergo a further 

Fio. 140. — Catalytic reaction, nitrogen peroxide being produced, 
oxidation of ^ ^ 

ammonia. 2NO + 02 = 2NO2. 

This is then further cooled and passed up a 
series of granite towers filled with broken quartz, over which water 
flows. The acid formed in the third tower passes to the second, and 
thence to the first, finally reaching a strength of about 40'-50 per 
cent. The reactions are 

(1) 2NO2 + H2O = HNO3 + HNO*. 

The nitrous acid mostly decomposes in the first two towers, forming 
nitric acid and nitric oxide, 

(2) 3HNO2 = 2NO + HNOs + H2O. 

The nitric oxide so formed is again oxidised by the oxygen in the 
gases to nitrogen peroxide, which is absorbed according to equation 
(1) above. The gases finally pass to two towers, fed with sodium 
carbonate, where sodium nitrite is produced, a substance much used 
in the dye industry. 

The nitric acid may be concentrated by distillation or may be 
converted into calcium nitrate, which is sold as a fertiliser. 

The process may readily be illustrated on the laboratory scale by 
means of the apparatus shown in Fig. 141. Air is drawn through 
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ammonia solution (2 parts -880 ammonia to 1 of water) and the 
gases are passed tWugh three discs of platinum gauze, 1 mm. 
apart. These require heating to qfiart the reaction, and then are 
maintained at a red heat by the heat of reaction. Nitric acid 
condenses in the cooled receiver. 

789. Physical Properties. — ^Liquid nitric acid is not obtainable in 
a state of complete purity owing to a slight degree of decomposition 
which always takes place even below its boiling point. The purest 
acid is a colourless fuming liquid, which has a specific gravity of 
1-52, and which freezes at —47® C. and boils at 86° C. The nitric 
acid commonly sold is of three kinds. These include fuming nitric 



Fm. 141. — Demonstration of S 3 rnthesis of nitric acid by oxidation 
of ammonia. 


acid, which contains dissolved nitrogen peroxide and is yellow or 
red in colour, and ‘ concentrated nitric acid,' of density 1*5, con- 
taining about 98 per cent. HNO3. The ordinary ‘ strong nitric 
acid ' is of density 1*4 and contains about 65 per cent, of HNO3. 
Certain mixtures of nitric acid and water boil at temperatures 
higher than either constituent. A maximum occurs with the liquid 
containing 68 per cent, of nitric acid, which boils at 120*5® C. under 
atmospheric pressure and consequently is a constant boiling mixture 
(V. § 1055). 

Nitric acid is miscible in water in all proportions. 

Most organic substances react with it, but it is a good solvent for 
those which do not do so. 

740. Chemical Properties. — Nitric acid is readily decomposed by 
heat, yielding nitrogen peroxide, oxygen and water, 

4HN08 = 2H80 + Oj + 4N08. 
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The reaction is easily shown by arranging a clay pipe so that the 
stem is heated by a Bunsen burner, while the mouth-piece dips 
beneath water. If nitric acid is poured into the bowl the gases 
issue from the stem ; the nitrogen peroxide reacts with the water 
(§ 723), while the oxygen may be collected. 

Nitric acid has three modes of chemical behaviour 

(а) As an acid. 

(б) As an oxidising agent. 

(c) As a nitrating agent. 

741. Acidic Properties of Nitric Acid. — ^Nitric acid is an exceed- 
ingly strong acid, by which is meant that solutions of the acid con- 
tain a high proportion of hydrogen ion. Its degree of dissociation, 
like that of other strong electrolytes, must be still regarded as 
doubtful. 

It displays the normal properties of an acid (§ 163) in all cases 
where its oxidising action does not come into play. Thus it reacts 
with basic oxides, hydroxides and carbonates in the usual way 
unless the metallic radical has reducing properties {e.g., ferrous or 
stannous compounds). 

Thus with cupric oxide it gives cupric nitrate and water, 

CuO + 2HNO3 == Cu(N 03)2 + H2O, 
but with ferrous hydroxide, ferric nitrate, nitric oxide, and water 
are formed, 

6Fe(OH)2 + 2OHNO3 = 6Fe(N03)3 + 2N0 + I6H2O. 

Its reactions with metals are abnormal on account of the reduc- 
tion of the acid. These are discussed below (§ 744). 

Since nitric acid is readily volatile it is easily expelled from com- 
bination by heating its salts with less volatile acids, c.p^., sulphuric, 
phosphoric, boric add. An equilibrium is set up, 

NaNOa + BA ^ NaA + HNO3. 

The continual removal of nitric acid by volatilisation and the 
consequent further combination of nitrate and acid (restoring the 
equilibrium) causes the reaction of a nitrate with even so weak an 
acid as boric acid to be complete. 

742. Oxidising Properties of Nitric Acid. — ^Nitric acid is a most 
powerful oxidising agent, and its reactions with reducing agents 
follow several courses. 

Concentrated nitric acid always produces nitrogen peroxide when 
it reacts with a reducing agent, 

2HNO3 + ^ ^ HgO + 2NO2 + XO, 
but both dilute and moderately concentrated acid also produce 
nitric oxide, 

2HNO3 + 3X = HgO + 2NO + 3XX). 
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Besides the above gases, nitrogen trioxide and, less commonly, 
nitrous oxide, nitrogen, ammonium nitrate and hydroxylamine are 
formed as products of the reaction of nitric acid on reducing agents. 

743. Action of Nitric Acid on Non-metallic Elements. — ^Nitric acid 
reacts with most non-metals, nitrogen, oxygen, chlorine and 
bromine being the only ones unaffected. The highest oxides are 
usually formed and these usually combine with the water produced 
in the reaction to form oxyacids. 

Thus with heated nitric acid phosphorus forms phosphoric acid, 

P + 5HNO3 = H3PO4 + 5NO2 + HgO. 

Sulphur gives sulphuric acid when boiled with nitric acid, 

S + 6 HNO 3 = H 2 SO 4 + bNOg + 2 H 2 O. 

Iodine gives iodic acid ; boron, boric acid ; arsenic, arsenic acid. 
Silicon and carbon give their dioxides, which unlike most other 
higher oxides of non-metals do not combine with water to form 
oxyacids at the temperature at which the reaction occurs. 

744. Action of Nitric Acid on Metals. — ^Nitric acid reacts with all 
metals except gold, platinum, iridium, rhodium, tantalum and 
titanium. Certain metals are rendered ‘ passive ^ or protected 
by oxide films from its action {v, § 1149). 

Nitric acid does not give hydrogen with metals, except in one case, 
i. 6 ., when magnesium reacts with dilute nitric acid. In other cases 
it is usually considered that a metallic nitrate and hydrogen are 
formed by the reaction of the acid and the metal and that the 
‘ nascent ’ hydrogen (§ 192) then reacts with the remaining acid, 
producing some reduction product. The chief products formed are 
nitrogen peroxide and nitric oxide ; but nitrous oxide, hj^onitrous 
acid, nitrogen, ammonium nitrate and hydroxylamine may all be 
formed. 

Nitrous acid appears to act catalytioally, for pure nitric acid free 
from this substance reacts but slowly with metals. 

The main reaction with the majority of metals and acid of 
moderate strength results in the formation of a nitrate and nitric 
oxide. The reaction probably takes place in two stages, e.gr., 

(1) 3Gu + 6HNO^ == 3Cu(NO^)2 + 6H 
6H + 2HNO^ = 4H/) + 2NO 
3Cu + 8 HNO 3 = 3 Cu(N 03)2 + 4 H 2 O + 2NO. 

The use of stronger acid brings about some formation of nitrogen 
peroxide, but this rarely appears to be the sole product. Iron and 
concentrated nitric acid, however, yield almost exclusively nitrogen 
peroxide and ferric nitrate, 
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Fe + 3HNO^ = Fe{NO^)^ + 3H 
3H + 3HNO^ == SH^O + SNO^ 

Fe + 6HNO3 = 5'e(N03)3 + SH^O + SNOa- 

In the case of the more electropositive metals, such as zinc, tin, 
load, iron, magnesium, the use of dilute acid may bring about 
reduction to nitrous oxide, nitrogen, ammonium nitrate, etc. The 
third case is of interest and may be illustrated by equations : 

4Zn + 8HNO^ = 4Zn(NO^)^ + 8H 
HNO^ + 8H=^ NH^ + 3H^O 
NH^ + HNO^ = NHJSfO^, 

4Zn + IOHNO3 = 4Zn(N08)3 + NH4NO3 + SHgO. 

Equations for the formation of any reduction product may be devised 
by (1) writing the equation for the reaction of nitric acid and hydrogen 
to form the reduction product and water ; (2) writing an equation for 
the reaction of the metal and acid to form the necessary hydrogen for 
the above equation ; (3) adding the two equations, omitting substances 
which appear on each side. Such equations are not, however, as a rule, 
very useful, for it is rarely that any such change is simple enough to be 
represented by a single equation. 

To sum up, the character of the reduction product is conditioned 
by the concentration of the acid and the more or less electropositive 
character of the metal. Concentrated acid always evolves nitrogen 
peroxide, for it oxidises nitric oxide to the latter gas. More dilute 
acid (c. 10-30 per cent.) evolves mostly nitric oxide. The more 
electropositive metals reduce the well-diluted acid to ammonium 
salts, etc. 

745. Oxidising Action of Nitric Acid on Compounds. — ^Nitric acid 
reacts with all reducing agents, among which we may mention 
hydrogen sulphide, sulphur dioxide, hydrogen chloride, bromide 
and iodide, ferrous salts, stannous salts, arsenites, etc., etc. The 
reactions cannot be discussed here in detail, but are considered 
under the heading of the several reducing agents. 

In general we may write the equation of the reaction of the 
reducing agent with oxygen, and the reaction of nitric acid to form 
the appropriate oxide of nitrogen and the oxygen required for this. 
These equations are added together. It does not by any means 
follow that the reaction really takes place in these stages, which are 
only a mathematical convention. Thus we may consider the 
reaction of acidified ferrous sulphate with nitric acid, forming ferric 
sulphate and nitric oxide, 

2 HNO 3 = H 3 O + 2NO + 30 
6FeS04 + 3 H 2 SO 4 + 30 = 3Fe,(S04)8 + SH^O 
6PeS04 + 3H3SO4 + 2HNO3 * 3 Fe 8 (S 04)8 + 2N0 + 4H3O. 
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As a second example we may take the action of nitric acid on 
sulphur dioxide, forming sulphuric acid and nitrogen peroxide, 

SO2 + O = SO3 
SO3 + H2O = H2SO4 

2HNO3 = H2O + 2NO2 + O 
SO2 + 2HNO3 = H2SO4 + 2NO2. 

746. Action of Nitric Acid on Organic Compounds. — ^Nitric acid 
oxidises many organic compounds to carbon dioxide and water, the 
reaction sometimes proceeding with explosive violence. Thus 
mixtures of concentrated nitric acid and alcohol may explode if 
warmed. If a little warm concentrated nitric acid (S.G. 1*5) is 
poured on dry sawdust the latter will often burst into flame. 

Nitric acid does not always act as violently as this, and m these cases 
it usually forms nitro-compou'ndsy which are of great technical 
importance. Thus benzene treated with nitric acid to which sulphuric 
acid has been added (as a drying agent) yields nitro -benzene, 

CeHe + HNO3 = C4H3.NO3 4- H3O. 

The nitro-group — NO 2 is not the same as the nitrite group — NOg. 
Thus there are two quite different compoimds, nitro-ethane and ethyl 
nitrite, both of fomiula CgHg.NOg. Their stmctural formulas are 
probably 

R ~N< 

Kltro-comiK>und. 

R - O - N = O. 

Ifitrlte. 

747. Uses 0 ! Nitric Acid in the Laboratory. — Nitric acid is used for 
most purposes where an oxidising agent is required, notably in the 
following cases : — 

(1) Preparation of the oxides and oxyacids of non-metals 
(§ 743). 

(2) The preparation of metallic oxides from metals via their 
nitrates (§§ 744, 750). 

(3) The solution of insoluble sulphides, such as iron pyrites, 
copper sulphide, etc. (§ 905), by oxidation to sulphates. 

(4) The production of aqua regia (§ 1044 (8) ). 

(5) In organic chemistry, in the preparation of oxalic acid, in the 
making of nitro-compounds, etc. 

748. Uses of Nitric Acid in Industry. — ^Nitric acid finds uses in 
numerous industries, among which may be named : — 

(1) The manufacture of nitro-compounds and of ammonium 
nitrate in the explosives industry. 

(2) The manufacture of nitro-compounds, as both intermediate 
and final products in the dye industry. 
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(3) Use of nitric acid for cleaning metals before electro-plating. 

(4) Numerous minor uses in the chemical industries. 

749. Detection and Estimation of Nitric Acid and Nitrates. — The 
* brown ring ’ test is the most delicate method of detecting nitric 
acid or nitrates. Nitrites also give the test. They may, however, 
be distinguished from nitrates by the fact that they give the colora- 
tion with dilute sulphuric and without heating. 

The brown ring test is performed by mixing the suspected solu- 
tion with an excess of sulphuric acid, heating the mixture and 
cooling thoroughly ; ferrous sulphate solution is then carefully 
poured down the side of the test tube so as to rest as a layer on the 
surface of the acid. A brown ring or layer is produced where the 
two liquids meet. 

Alternatively, the supposed nitrate and the ferrous sulphate may 
be mixed and sulphuric acid poured down the side of the test-tube. 

Reaction takes place between the nitric acid, ferrous sulphate and 
sulphuric acid, forming nitric oxide (§ 712 (3) ), which then forms 
the dark-coloured compound, FeS 04 . NO. 

The sulphuric acid and ferrous sulphate solution being in separate 
layers produce only local heating w^here they meet, and this is soon 
dissipated by conduction to the cold liquid above and below. If the 
solutions were merely mixed the temperature would be too high for 
the formation of the unstable FeS 04 .NO. 

A second test is the addition of a solution of ‘ nitron,’ a complex 
organic base, which gives with nitric acid or nitrates a precipitate of 
its insoluble nitrate. 

Estimation. — ^Nitric acid and m'trates are difficult to estimate. 
Free nitric acid may, of course, be titrated with alkali. The most 
usual method of determining nitrates is to reduce them to ammonia 
by heating them in alkaline solution with Devarda’s alloy, which 
evolves nascent hydrogen at a high potential. The ammonia formed, 

KNO 3 + 8 H = KOH -f NH 3 + 2 H 3 O, 

is distilled over into standard acid and from the reduction of the 
strength of the acid the quantity of nitrate present is calculated. 

760. Nitrates. — The nitrates of the metals are all freely soluble in 
water. W3:en heated they decompose. Ammonium nitrate forms 
nitrous oxide and water (§ 707) ; the nitrates of the alkali-metals form 
the nitrite and oxygen (§ 242), while the nitrates of the heavy metals 
give nitrogen peroxide, oxygen and the oxide of the metal (p. 612). 
When heated wdth concentrated sulphuric acid they yield nitric acid 
(§ 736). Hot concentrated hydrochloric acid converts them into 
chlorides, evolving nitrosyl chloride and chlorine (cf. p. 686). 

Mixtures of nitrates and combustibles bum violently, often with 
explosion (cf. p. 282 on gunpowder). 

Pemilrates . — silver pemitrate, AgNO^, has been reported. It is 
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prepared by the electrolytic oxidation of silver nitrate. A solution of 
pernitric acid is stated to have been made by the action of hydrogen 
peroxide on nitrous acid. 

751. Halides of Nitrogen. — The most important of these is NClj, 
nitrogen trichloride. Nitrogen trifluoride NF 3 has recently been 
prepared, as has also the iodide NI 3 . The so-called nitrogen iodide 
N 2 H 3 I 3 is a compound of this halide, NH 3 . NI 3 . The compounds, N 3 CI, 
NjBr, N 3 I, chlorazide, bromazide, iodine azide also exist. 

752. Nitrogen Trifluoride is obtained by electrolysing fused anhydrous 
ammonium hydrogen fluoride, 

2(NH4)HF2 + 12F = 2NF3 + 5 HaFa. 

The fluorine formed attacks the ammonium salt. It is a colourless gas 
insoluble in water. It is reactive, but much more stable than other 
nitrogen halides. NHF 2 and NUgF have also beori prepared. 

753. Nitrogen Trichloride is formed by the action of chlorine on an 
ammonium salt. Its highly explosive character renders its preparation 
by the student most inadvisable. 

The reaction takes place when a jar of chlorine is inverted over 
saturated ammonium chloride, 

NH 4 CI + 3 CI 2 =* NCI 3 + 4HC1. 

It may be safely handled in solution in benzene, and if acidified 
solutions of bleaching powder and ammonium chloride are shaken with 
benzene the nitrogen chloride passcis into solution in the benzene as soon 
as it is formed, and can be safely handled.^ 

Nitrogen chloride is an oily lic^uid and an extremely sensitive 
explosive. Gentle heat, strong light, 01 * contact with many oily 
substances cause it to explode. Several eminent chemists, including 
Sir Humphry Davy, have been maimed by the explosions of this 
substance. 

754. Nitrogen Iodide. — substance which was for long regarded as 
nitrogen iodide is prepared by the action of iodine on ammonia. Its 
composition does not appear certain, but it may be a compound of 
ammonia and true nitrogen iodide, NH 3 .NI 3 , 

2NH4OH + I2 == NH4OI + NH4I + H3O 
SNH^OI^NHj.NIg + NH4OH -f 2H3O. 

It is extremely sensitive to shock, the dry substance exploding even 
by contact with a feather. For this reason it should be prepared only 
in the smallest quantities. Nitrogen iodide is an oxidising agent. 

The true nitrogen iodide, NI3, has been recently isolated by the 
reaction of dry ammonia and potassium dibromoiodide. 

4NH3 -f SKIBra = 3 KBr + 3NH4Br + NI3. 

It is a black explosive substance. 

755. Chloramine NH2GI. — ^Monochloramine is obtained by distilling 
normal solutions of potassium hypochlorite and ammonia under 
reduced pressure at 30-40® C. 

KOCl + NH 3 = NH,a + KOH. 

1 The preparation should on no acooimt be attempted without consulting 
the original paper. Hentschel. Berichte, 1897, 30, 1434, 1792, 2642. 
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A 10-12 per cent, solution is obtained. The pure substance is very 
unstable, exploding violently at temperatures above — 60® C. Chlora- 
mine is a powerful oxidising agent. The very powerful germicidal action 
of sodium hypochlorite (which is far greater than that of the chlorine it 
contains) is due to its reaction with the ammonia and amino-compounds 
always present in contaminated water. The chloramine so formed 
effectively destroys the bacteria, etc., which swarm in wells con- 
taminated by sewage, in unfiltered public swimming baths, etc. Organic 
compoimds of chloramine are used as antiseptics in surgery. 

766. Nitrogen Sulphide N4S4 is formed by the action of ammonia 
gas on sulphur monochloride in solution in chloroform. The nitrogen 
sulphide is precipitated on addition of alcohol. 

It forms orange-yellow crystals melting at 185® C. and decomposing 
explosively at higher temperatures. 

A compound (HSN )4 has also been described. 
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757. The Elements of Group V. (Typical and B Sub-group). — 

Group V. contains tho elements : — 

A Sub-group. B Sub-group. 

Nitrogen. 


Vanadium. 

Niobium (Columbium). 

Tantalum. 

Protoactinium. 


Phosphorus. 

Arsenic. 

Antimony. 

Bismuth. 


The A sub-group is discussed in § 843 . 

In the B sub-group definite resemblances are noticeable between 
nitrogen and phosphorus, though these are not so strong as those 
between phosphorus and arsenic or arsenic and antimony. It is 
usual in all groups for the lightest element to resemble the subsequent 
ones less closely than they resemble each other. 

Phosphorus resembles nitrogen in a good many respects. 

Both elements form a basic hydride, though phosphine PH3 is 
much less basic than ammonia NH3. The oxides N2O3, N2O4, 
N2O5 have some chemical resemblance to P2O3, P2O4, P2O5. The 
acids, nitric acid HNO3, and meta-phosphoric acid HPO3, have 
similar formulae, but few other common properties. The other 
acids of phosphorus find no analogy in the nitrogen compounds. 
The halides of the two elements show no resemblance. 

On the other hand, phosphorus and arsenic are closely alike. The 
gaseous hydrides of both elements are strong reducing agents. The 
phosphites, phosphates, arsenites and arsenates are very similar 
in their reactions. The halides are also similar in appearance and 
properties. 

Phosphorus and nitrogen can both exert a valency of five. 

None of the apparently quinquevalent compounds of nitrogen are 
simple covalent compounds, while phosphorus shows a normal 

64S 
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covalency of five. The nitrogen atom can only retain an octet of 
outer electrons, and accoidingly not more than three electrons can be 
taken from other atoms. 

The phosphorus atom can take up two more electrons and retain a 
set of ten valency electrons, thus exerting a true valency of five. 

The quinquevaleiit compounds of phosphorus are more readily 
formed and more stable than those of nitrogen ; compare the 
unstable PCI5 and the non-existent NCI5, also the stable P2O5 and 
the explosive NgOg. A comparison of the phosphonium and 
ammonium salts would appear to point the other way, but the 
elements are not truly quinquevalent in these compounck. 

Between arsenic and antimony a still stronger resemblance is 
found. Almost every point in the chemistry of the former is 
parallel in that of the latter, the differences being in general com- 
prised in the fact that antimony and its compounds are more 
metallic in character than those of arsenic. 

There is less resemblance between antimony and bismuth than 
between arsenic and antimony. Bismuth is very definitely metallic 
in character, but the existence of its unstable hydride and the 
volatility and ready hydrolysis of its chloride, etc., make it clear that 
antimony is the element which resembles it most. The influence 
of the ‘ inert pair ’ of electrons (§ 588) influences the chemistry of 
bismuth, which hardly ever shows a valency of five. 

We see that, though we can trace no resemblance between nitrogen 
and bismuth, the elements nitrogen, phosphorus, arsenic, antimony, 
and bismuth form a well-graded series and present a progressive 
change from typical non-metallic to typical metallic character, 

PHOSPHORUS P, 31 02 

758. History. — ^The element phosphorus does not occur free in 
nature. The name phosphorus was at first loosely applied to more 
than one ‘ light bearing ’ {^wo^opos) substance. Thus the luminous 
barium sulphide was known as Bologna phosphorus. The element 
phosphorus was discovered under rather peculiar circumstances 
in the latter part of the seventeenth century. Brand, of Hamburg, 
discovered it in 1669, and kept his process secret. Boyle and 
Kunckel both hit on Brand’s process almost simultaneously, and 
prepared the element by distilling urine, concentrated by evapora- 
tion, with sand. 

The principle of the method is the same as of the one employed to-day. 
The evaporated urine furnished the salt, sodium ammonium hydrogen 
phosphate. This, on heating, furnished sodium metaphosphate, which 
reacted with silica, furnishing metaphosphoric acid. This reacted with 
the carbon derived from the organic matter of the urine and gave 
phosphorus (c/. d. 546). 
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769, Occurrence. — ^Phosphorus is always found in nature in the 
form of phosphates, the commonest of which is phospliorite, tri- 
calcium phosphate Ca3(P04)2. This occurs in North Africa, in parts 
of the Southern United States, and in many other parts of the 
world, etc., and is a valuable mineral. Other native phosphates 
include coprolite and apatite, 3Ca3(P04)2.CaCl2, found in Canada. 

760. The Phosphorus Cycle in Nature. — Phosphorus is a necessary 
constituent of hving matter, and is required in small quantities by 
both animals and plants. The former, of course, derive it ulti- 
mately from the latter. All productive soils contain phosphates in 
small quantities. The phosphorus in the state of nature does not 
tend to leave the soil as does nitrogen under the influence of denitri- 
fying bacteria. The decay of a plant or animal returns to the soil 
all the phosphorus it took from it. It is otherwise, however, with 
cultivated soil. Man grows repeated crops of plants and removes 



Fig. 142. — Circulation of phosphorus in nature. 


them with their phosphorus. All the phosphorus of these crops is 
run into the rivers with sewage or buried out of reach in cemeteries. 
It has been found that ordinary soils become deficient in phosphates 
when repeatedly cropped, and it is now a regular procedure to use 
phosphates (§ 372) as an artificial manure. 

These phosphates are mostly of mineral origin, and until the 
deposits are exhausted they will maintain our soils in a productive 
condition. Afterwards, we may hope that science will find some 
way of dealing with the problem, for otherwise our descendants will 
be on short rations. 

781. Manufacture. — ^Phosphorus is never prepared in the 
laboratory, but is always purchased either as sticks of white 
phosphorus packed in tins filled with water, or as red phosphorus, 
which requires no special precautions in its handling. 

White phosphorus is always the form obtained by a chemical 
preparation and is later, if necessary, converted into the red form. 

Phosphorus is made from calcium phosphate. Formerly this was 
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converted into metaphosphoric acid and this distilled with charcoal. 
This process is now superseded by an electrical method. 

Distillation Process . — Bones from which tho fat has been removed by 
a solvent or, alternatively, mineral phosphates, are treated with sul- 
phuric acid, thus liberating orthophosphoric acid and precipitating 
insoluble calcium sulphate. Tho liquid is filtered off, mixed with char- 
coal and dried. This latter process converts the orthophosphoric acid 
into metaphosphoric acid. Tho mixture of metaphosphoric acid and 
charcoal is heated in fire-clay retorts at a white heat. Phosphorus 
vapour passes over and is led through iron pipes into troughs of water, 
where it condenses. 

4 - 3H2SO4 = SCaSO* + 2H3PO4 

H3PO4 = H3O + HPO3 

2HPO3 + 6C = Hg -f 6CO + 2P. 

The modern method of preparing phosphorus employs the electric 



Fig. 143 . — Manufacture of phosphorus. 

furnace. A charge of sand, coke and calcium phosphate is fed into 
a furnace of the type illustrated. The current raises the mixture to 
a white heat when the reaction 

2Ca3(P04)2 + eSiOjs + IOC = CCaSiOs + lOCO + P 4 

occurs, liberating phosphorus as vapour. The phosphorus is 
condensed under water. 

Phosphorus may, if necessary, be purified by distillation. This 
operation is best carried out under reduced pressure or in a stream of 
hydrogen or nitrogen. On the commercial scale white phosphorus 
is purified by melting it under water and stirring it vigorously. 
Many other methods have been employed, including the use of 
oxidising agents, potash, etc. 

Commercial red phosphorus which contains traces of white 
phosphorus (§§ 764, 755), in the laboratory is slowly oxidised when 
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exposed to air and becomes moist as a result of the formation of 
phosphoric acid. Drying in the air-oven is not safe or satisfactory. 
The red phosphorus may be stirred with water, allowed to settle, 
washed again by decantation, sucked moderately dry on a Buchner 
funnel and dried at a gentle heat in the steam oven. 

762. Formula. — The vapour density of phosphorus shows that 
the formula of its vapour is P 4 . At temperatures above 800° C. there 
is some dissociation to Pg and P molecules. 

763. Allotropy of Phosphorus. — Phosphorus exists in two well- 
marked allotropic forms, white (or yellow) phosphorus and red 
phosphorus, also incorrectly termed amorphous phosphorus. 

Other forms, scarlet, violet and black phosphorus, are Imown. The 
first two are apparently identical with red phosphorus in all but the 



Fig. 144, — Conditions of stability of the allotropic forma 
of phosphorus. 


size of their granules ; black phosphorus, obtained by the action of 
enormous pressure on heated red phosphorus, may be a distinct form. 
It resembles red phosphorus in most respects, but is denser and, unlike 
it, conducts electricity. 


White phosphorus is an unstable form under all conditions. It 
has more energy than red phosphorus. We find that it has a greater 
heat of combustion, a lower melting point, a higher vapour pressure, 
a greater solubility and a much greater chemical reactivity. 

If we map out a phase rule diagram for phosphorus it appears 
much as in Fig. 144. The figure is not to scale, for to show detail 
the small vapour pressures of the solids have been exaggerated. 

It will be seen from the diagram that red phosphorus is the stable 
solid form at all temperatures, and accordingly it should be found 
that white phosphorus always changes into the red form. This 
change does, indeed, take place. At room temperature the change 
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is very slow, but is perceptible as a progressive darkening in colour ; 
as the temperature rises the change comes more rapid and at about 
250° 0. the change completes itself in about an hour. 

If phosphorus is distilled the product is white phosphorus. The 
process of condensation is a passing from the condition of vapour to 
solid or liquid. The vapour has much more energy than the solid or 
liquid at the same temperature, and so it is found that in almost all 
cases, including that of phosphorus, the least stable form of the 
solid is formed by condensation. The least stable solid form is that 
with most energy and is therefore that formed from the vapour by 
the least energy-change. 

764. Manufacture of Red Phosphorus. — Red phosphorus is made 
by heating white phosphorus in absence of air to 240-260° C., at 
wliich temperature it rapidly assumes the more stable form, 
liberating energy in so doing. The white phosphorus is heated in an 
iron pot provided with an open narrow tube inserted in its cover. 
This tube provides for the release of any pressure. The air in the pot 
is soon used up by the heated phosphorus and thereafter but little 
enters by the vent tube. Too high a temperature must not be used 
lest the rapid conversion of white phosphorus into the red variety 
might liberate heat so rapidly as to cause a dangerous explosion. 
• The red phosphorus is ground under water and freed from white 
phosphorus by boiling with caustic soda, which attacks the latter 
(p. 553), but not the former. 

765. Physical Properties of Red and White Phosphorus. — These 
are perhaps best expressed and compared in tabular form. 



Bed Phosphorus. 

White Phosphorus. 

M.P. 

600-615° C.i 

43-3° C. 

B.P. 

Very high 

290° C. 

Density . 

216 

1*836 

Solubility in water . 

Insoluble 

Very slightly soluble. 

Solubility in other 

Insoluble in all solvents 

Soluble in carbon di- 

solvents. 


sulphide, turpentine, 
alcohol, oils, etc. 


766. Physiological Effect. — Red phosphorus is inert when taken 
into the system. It is insoluble and non-volatile and passes through 
the body unchanged. White phosphorus, on the other hand, is one 
of the most poisonous substances in existence, 0*04 gms. having 
formed a fatal dose. It finds a use as a rat poison, for its garlic-like 
odour and taste are apparently attractive to rats. It is said, indeed, 

^ The purer form, * violet ’ phosphorus, melts at 589*9*^ 0* 
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that in the nineteenth century, when white phosphorus was used in 
matches, rats caused serious fires by gnawing the heads and igniting 
the whole box. 

Even the vapour of phosphorus is poisonous. Workers with white 
phosphorus suffer from decay of the teeth and finally of the whole 
jaw-bone. The danger of the eontinual handling of phosphorus has 
led to the prohibition of the use of white phosphorus in matches by 
every civilised country. 

767. Chemical Properties of Phosphorus. — Both red and white 
phosphorus are highly reactive substances, but more especially the 
latter. 

Both forms of phosphorus burn in air or oxygen, forming the 
pentoxide together with some trioxide, 

4 P + 5O2 = P4O10 
4 P + 3O2 = 2P2O3. 

Wliite phosphorus differs from red phosphorus in that it combines 
with oxygen at room temperature, phosphorus trioxide being the 
main product. In doing this phosphorus gives out a peculiar glow, 
which has been the subject of much study. 

The glow of phosphorus resembles a flame in that it consists of a 
combustible vapour in the act of combination with oxygen. Thus 
the glow may be detached and made to move by the action of a 
current of air. But it differs from the ordinary flame in that it is 
cold or nearly so. Cold flames are not altogether unknown. The 
hand can be held in the flame of thiophosphoryl fluoride PSF3 
without being burnt. The light given out arises from the chemical 
energy of the reaction, not from the glowing of a hot gas. 

The glow of phosphorus exhibits several peculiar features. In the 
first place, no glow takes place if the partial pressure of oxygen is below 
or above a certain value. Thus phosphorus does not glow in pure 
oxygen at atmospheric pressure nor in oxygen at less than 1 mm. 
pressure. At inteiTnediate pressures (1-600 mm.) glowing takes place. 
The process is probably a chain reaction. 

A Pg molecule is thought to react with oxygen, forming a phosphorus 
oxide molecule in an activated condition. The energy of this activated ' 
molecule decomposes a P 4 molecule to two P, molecules, which again 
react, setting up a chain of chemical reaction. 

(1) P4->2P,. 

( 2 ) 1^2 h oxygen phosphorous oxide* -f radiation, 

(3) P 4 -|- phosphorous oxide* — > 2 P 2 + phosphorous oxide. 

At very low pressures the chains propagate in a linear manner 
and the reaction is too slow for the glow to be noticeable. At inter- 
mediate pressures more chains start in a given time than are broken 
by reaching the walls of the vessel (or the flints of the space containing 

^ Seu § 683 (1), also note, p. 244. 
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the phosphorus vapour). The reaction is thus much accelerated. 
At higher pressures the oxygen molecxiles are in great excess and their 
collisions with any rnoleicule are so much more frequent than any others 
that stage (3) does not readily take place, and the chains are broken 
at an early stage and the reaction practically ceases. 

This view of the reaction accounts for the fact that traces of the 
vapour of many substances extinguish the glow. Thus a trace of 
turpentine vapour does so. It is supposed that the molecules of these 
substances take up the energy from the activated molecules and so 
break the chains. Ozone is produced during the oxidation. It is 
thought that its production is due to the effect of the very short waves 
of the light of the glow on the oxygen present. 

White phosphorus is much more inflammable than red phosphorus. 
While the latter catches fire at about 260° C., white phosphorus 
ignites at 30-40° C. Since the temperature of the body is about 
37° C. the handling of white phosphorus may inflame it. If this 
occurs the phosphorus sticks to the flesh and is difficult to remove, 
causing a painful and intractable burn. It is, therefore, always 
advisable to handle white phosphorus with tongs. White phos- 
phorus, in a finely-divided state, may oxidise rapidly enough to 
catch alight. Thus, if a strong solution of phosphorus in carbon 
disulphide is allow^ed to evaporate, the film of phosphorus so formed 
will often burst into flames. White phosphorus is always stored 
under water, and it should not be cut into pieces unless it is immersed 
in cold water. 

Phosphorus reacts with the halogens, white phosphorus more 
readily than the red form. In all cases the trihalide is formed 
first, and on further treatment with halogen the pentahalide' is 
produced. 

2 P -H 3CI2 = 2PCI3 
PCI3 + CI2 - PCI3. 

Phosphorus reacts with sulphur and forms various compounds of 
which the sulphides, P 4 S 3 and P 2 S 5 , are the best known. The first is 
used as a combustible in the match industry. 

Phosphorus reacts with most of the metals, forming phosphides. 
Thus, if a piece of sodium, as large as a pea, be cautiously heated in a 
closed crucible, with a piece of dry phosphorus of the same size, they 
combine with a bright flash, forming sodium phosphide NagP. This 
when immersed in water gives spoxvtaneously inflammable phosphine 
(q.v.). 

Phosphorus is a powerful reducing agent, more especially the 
white form. Strong oxidising agents, such as nitric acid, convert 
it readily into orthophosphoric acid 

White phosphorus, but not the red form, will reduce the salts of the 

^ The exifitenoe of the pentcuodide, PI«, is not very certain. 
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noble metals and also of copper to the metallic state. li a piece 
of phosphorus be immersed in copper sulphate solution it becomes 
coated with black copper phosphide and some metallic copper. 

4 P + 3CUSO4 + 6H2O = CU3P2 + 2H3PO3 + 3H2SO4 

CU3P2 + 5CUSO4 + 8H2O = 8Cu + 5H2SO4 + 2H3PO4 

White phosphorus reacts with caustic soda to form hydrogen and 
phosphine (q^v.), while red phosphorus is unaffected, 

4 P + 3 NaOH + 3H2O = 3NaH2P02 + PH3. 

This property is used to remove traces of white phosphorus from 
the red variety. 

768. Uses of Phosphorus. — The main use of phosphorus is in the 
match industry. White phosphorus is no longer permitted to be 
used in matches, but red phosphorus or a sulphide of phosphorus is 
always employed. A match-head of the strike-any where variety 
may contain tetraphosphorus trisulphide together with potassium 
chlorate, manganese dioxide or other oxidising compounds. These 
are mixed with a binding material, such as gum or glue and some 
inert substance, such as chalk or powdered glass, to reduce the 
sensitiveness of the mixture. When the match is struck the local 
heat of friction ignites the combustible mass. 

Safety matches contain the same types of ingredient but have no 
phosphorus in the heads, which therefore are difficult to ignite. The 
boxes are coated with a mixture of red phosphorus and powdered 
glass, etc. The phosphorus ignites locally when the match is 
struck and sets fire to the combustibles of the head. 

Some phosphorus is used up in making phosphorus trichloride and 
pentachloride, which have uses in the chemical industry. White 
phosphorus is used in medicine and in rat poisons. It finds occa- 
sional uses in fireworks and in incendiary bombs, smoke bombs, etc. 

Phosphorus is added to bronze in order to make the extremely 
strong and tough alloy, phosphor-bronze. This contains scarcely 
any phosphorus, and it is thought that the phosphorus acts by 
removing the oxygen of the cuprous oxide, which is usually con- 
tained in bronze, being formed when the alloy is melted in air. 

769. Atomic Weight of Phosphorus. — The atomic weight is 
approximately 31 , for none of its volatile compounds, e.gr., phosphine, 
jihosphorus trioxide, trichloride, tribromide, etc., contain less than 
31 gms. of phosphorus per gram-molecule. The value 31 , moreover, 
finds a suitable place and valency for the element in the periodic 
table. The exact atomic weight has, amongst other methods, been 
calculated from the weight of silver bromide, made from a given 
weight of silver phosphate (the atomic weights of silver and bromine 
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being accurately known and that of oxygen being the standard). 
Another value was obtained from an accurate determination of the 
density of phosphine. G. Ter-Gazarian prepared the gas by the 
action of water on calcium phosphide, purified it by repeated 
liquefaction and fractional distillation and weighed it in a glass 
‘ balloon.’ He found that 1 litre of the gas weighed 1‘5293 gms. 
This gives a molecular weight of 33*930, and taking hydrogen as 
1*008, a value of 33*930 — 3*024 = 30*906. The value adopted by 
the Committee on atomic weights is 31*02. 

Phosphorus Hydrides. 

770. Phosphine PH 3 . — The hydrides of phosphorus show little 
resemblance to those of nitrogen. Phosphine is, it is true, slightly 



basic and forms salts, such as phosphonium iodide PHJ. None 
the less, in consequence of its instability and its considerable teducing 
power, phosphine has little likeness to ammonia. 

Prejparation , — Phosphine is probably formed when organic matter 
decays, and the faint luminosity occasionally seen over marshes, and 
churchyards and feared by our forefathers as will-o’-the-wisps ” 
or “ corpse-candles,” is sometimes thought to be due to the oxida- 
tion of phosphine. It is very doubtful if enough phosphine is ever 
produced by decay to produce such a phenomenon. 

Phosphine is best prepared by the action of sodium hydroxide on 
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white phosphorus. Sodium hypophosphite and phosphine are 
formed.! 

3NaOH + 4P + SHgO = SNaHaPOg + PH 3 . 

It is necessary to ensure the absence of air throughout the experi- 
ment, for phosphine, as produced by this process, is spontaneously 
inflammable. The apparatus figured above may be used. Five 
grams of white phosphorus are placed in the flask together with 
100 c.c. of a strong solution of caustic soda (20 per cent.). Air is 
then displaced from the apparatus by a stream of coal-gas. The 
mixture is heated and phosphine is evolved. Each bubble of the 
gas ignites as it leaves the water and produces beautiful and charac- 
teristic vortex rings of phosphorus pentoxide smoke. The gas is 
very poisonous, and even in small quantities may cause unpleasant 
headaches. It is best, therefore, to perform the experiment at a 
time when the laboratory can be left empty for an hour or so. 

Phosphine can also be made by the action of water on certain 
metallic phosphides, notably those of sodium or calcium. A piece of 
dry phosphorus, the size of a pea, may be warmed in a closed 
crucible with a similar piece of sodium ; the elements < 5 pmbine with 
vigour. The crucible containing the phosphide is then immersed in 
a trough of water, when bubbles of phosphine are at once evolved 
and bum at the surface of the water. 

NasP + 3 H 2 O = 3NaOH + PH3. 

Calcium phosphide has been employed for signal-flares to be used 
at sea. These consist of a float bearing a vessel containing calcium 
phosphide. When dropped into the sea they evolve spontaneously 
inflammable phosphine, which cannot be extinguished by sea water, 
rain, etc. 

Formula of Phosphine . — ^The formula of phosphine may be 
obtained by heating it with copper by electric sparks, when copper 
phosphide, red phosphorus, and hydrogen are formed. Two 
volumes of phosphine give three volumes of hydrogen showing the 
formula to be P^Hg, 

2P,H3 = 2nP + 3H3* 

2 vols. 8 vols. 

That n = 1 is shown by its density of 17, which corresponds to the 
formula PH3. 

Properties . — Phosphine is a colourless gas with a strong fishy or 
garjic-like odour. It. is poisonous when breathed. The gas has a 

^ It is interesting to compare the analogous action of caustic soda on other 
elements. In every case where any action takes place the sodium salt of an 
acid containing the oxygen and the element is formed together with hydrogen 
or the hydride of the element of a salt derived from the action of the hydride on 
caustic soda (see the cases of aluminium, zinc, silicon, sulphur, chlorine). 
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density of 17 (Hg = 1) and is sUghtly soluble in water. It can be 
liquefied (B.P. ~ 85® C.) ; the liquid solidifies at — 133® C. 

Phosphine, when pure, is not spontaneously inflammable. If the 
gas, obtained as described above, is passed through a long spiral 
tube cooled in a freezing mixture of ice and salt, a liquid condenses 
and the gas passing on no longer ignites when brought into the air. 
The condensed liquid is the hydride P 2 H 4 , described below, and it is 
the presence of this impurity that renders phosphine spontaneously 
inflammable. Phosphine bums in air, forming phosphorus pent- 
oxide and water, 

4PH3 + 80 g - P4O10 + 6HgO. 

Phosj)hine is a powerful reducing agent. When passed into solu- 
tions of copper salts, a red precipitate of copper or copper phosphide 
results. With silver and gold salts reduction to the metal takes 
place. 

Phosphine PH 3 resembles ammonia NH 3 , in having some basic 
properties. When phosphine and a hydrogen halide are mixed a 
phosjpihonium salt is produced, 

PH 3 + HBr = 'PH 4 Br. 

It can also form some co-ordinate compounds like those of 
ammonia, e.g., the compound, BCI3 •<— PH3, which we may represent 
as 

Cl H 

CU B S P oH 

• + c • 

Cl H 

distinguishing the electrons from the phosphorus atom by the sign o 
and those from the boron atom by the sign +. 

Phosphine may be detected by its odour and its action upon 
copper or silver salts. The action of the gas on copper salts might 
cause it to be mistaken for acetylene ; phosphine, however, reduces 
these salts in acid solution, while the red cuprous acetylide is not 
formed except in neutral or alkaline solution. 

771. Phosphoninm Iodide is the best-known phosphonium salt. 
It is best made by dissolving phosphorus and iodine in carbon disul- 
phide. The carbon disulphide is then distilled ofi and the calculated 
quantity of water is added drop by drop to the mixture contained in a 
retort. The phosphonium iodide is sublimed over in a stream of dry 
carbon dioxide, 

61 -f 9P + I6H4O = 6PH4I + 4HaP04. 

Phosphonium iodide is a beautifully crystalline colourless salt, which 
volatilises even at room temperature. It decomposes into phosphine 
and hydrogen iodide when heated above 30® C., and when mixed with 
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water it forms the same products. It finds some uses in organic 
chemistry, 

772. Phosphorus Dihydride P 2 H 4 is separated from phosphine as 
described above. The action of hot water on calcium phosphide yields a 
gas particularly rich in this compound. It is a colourless liquid, spon- 
taneously infiammable in air. It decomposes on stamding, yielding the 
solid hydride together with phosphine. 

A yellow solid, said to bo Phosphorus hydride is also produced 

in the above reaction. It is decomposed by heat into phospJiiiie and 
phosphorus. 

Several other solid hydrides have been described. 

Oxides of Phosphorus 

773. The Oxides of Phosphorus. — The oxides of phosphorus in- 
clude : — 


Phosphorous oxide, phosphorus trioxide 

• ^2^3 

Phosphorus tetroxide 

• P 2 O 4 

Phosphorus pentoxide 

• ^4^10 

Phosphorus peroxide. 

. P.A 


774. Phosphorous Oxide PgDa results when phospliorus oxidises 
slowly in air. White phosphorus in the tube A is gently heated in a 



current of air. A mixture of the trioxide and pentoxide is formed, and 
these condense in the brass tube T, which is cooled by a water jacket. 
The water jacket is then warmed up to 60-60° C., when the volatile, 
trioxide is carried over and is condensed in the cooled U-tube as a white 
waxy solid, which, on replacing the freezing mixture by warm water, 
melts and runs into the receiver R. 

Phosphorus trioxide is a white waxy volatile solid of garlic-like 
odour. When gently heated in air it bums with great brilliancy, 
forming the pentoxide, 

P4O, + 20, « P40„- 
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With water phosphorous acid is formed, 

P4O, + 6H2O - 4H3PO3. 

775. Phosphorus Tetrozide P 2 O 4 has been obtained by subliming the 
mixture of oxides obtained by the slow combustion of phosphorus. It 
forms colourless transparent crystals, which dissolve in water, giving 
phosphorous and phosphoric acids, therein showing a resemblance to 
nitrogen tetroxide (§ 723), 

P3O4 + 3 HaO = H3PO4 + H3PO3. 

776. Phosphorus Pentoxide P 40 io* — ^Phosphorus pentoxide, the 
most important oxide of phosphorus, results when the element is 
burned in an ample supply of air. 

P4 + 5O2 = P4O10. 

The phosphorus may be burned in an iron dish suspended in a large 
glass globe, which is supplied with well-dried air. Fresh phosphorus 
is added from time to time, and the pentoxide falls directly into the 
bottle in which it is to be stored. It is best purified by heating it 
to 600-700° C. in an iron tube, through which a brisk current of 
oxygen passes. The pentoxide vapour is carried on into a glass tube 
attached to the iron tube and there condenses. The oxygen oxidises 
any lower oxides to the pentoxide. The action of ozonised air on 
the oxide heated to 175-220° C. also removes these oxides. 

Phosphorus pentoxide is a white solid. When heated it vaporises 
at a red heat and the density of the vapour indicates the formula 
P4O10. The formula P2O5, however, describes its chemical reactions 
equally well, and is commonly used. It should not be forgotten 
that the formula of a solid is in many cases more complex than 
that of the vapour. 

Phosphorus pentoxide is an acidic oxide. It reacts very vigor- 
ously with water, hissing and giving out much heat. With cold 
water metaphosphoric acid is formed, and with hot water ortho- 
phosphoric acid, 

P2O5 + H2O = 2HPO3 
P2O5 + 3H2O 2H3PO4. 


Its property of combining with water and forming the non- 
volatile metaphosphoric acid renders it most useful for removing the 
last traces of moisture from a gas already partially dried. Phos- 
phorus pentoxide is, however, useless for removing large quantities of 
moisture, for it soon becomes covered with a gelatinous skin of meta- 
phosphoric acid, which screens the unused pentoxide from further 
action. The remarkable experiments on intensive drying (§§ 205, 
eeq,) have all been carried out by means of phosphorus pentoxide. 
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Other drying agents, sulphuric acid, calcium chloride, etc,, have, as 
soon as they have absorbed a little moisture, a measurable vapour 
pressure and, since they give off traces of moisture in this state, 
cannot dry a gas completely. Phosphorus pentoxide forms a com- 
pletely stable compound with the water and cannot release it once 
it has been absorbed. 

Phosphorus pentoxide will not only absorb free water but will 
decompose many compounds in such a way as to produce water, 
with which it then combines. 

Thus with sulphuric and nitric acids it forms the anhydrides, 
sulphur trioxide and nitrogen pentoxide respectively. 

H2SO4 + P2O5 = 2 HPO3 -f SO3 
2HNO3 + P2O5 = 2HPO3 + N2O3. 

With oxamido it forms cyanogen. 


CO.NH. 


CO.NH, 


4- 2P3O4 = 


4- 4HPO3. 


776a. Phosphorus peroxide P 2 O 6 is obtained when a mixture of 
the pentoxide and oxygen are passed through a hot discharge tube. 
It is a bluish- violet solid, which with water gives a pcr-acid, probably 

H4P3OS. 

777. The Acids of Phosphorus and their Structure. — The most 
definite acids of phosphorus are : — 

Hypophosphorous acid . . H3PO2 

Phosphorous acid . . . H3PO3 

Hypophosphoric acid . . H4P2O3 

Orthophosphoric acid . . H3PO4 

Pyrophosphoric acid . . H4P2O7 

Metaphosphoric acid . . HPO3 

Perphosphoric acids . . HgPOg and H4P2O8 


The structures of these acids can only be made clear by con- 


sidering their electronic structure. 

Hypophosphorous acid H 3 PO 2 is actually monobasic, forming salts 
of the formula M'HaP08 only. The formula must therefore be 
HCHaPOa]. 

Phosphorous acid HjPOa is actually dibasic, and is to be regarded as 
HaCHPOs]. 

Orthophosphoric acid HjPOa is tribasic and is to be regarded as 
H3[P04]. 

Considering these from the point of view of the electronic theory of 
valency these facts are easily explained^ The phosphorus atom has an 
outer ring of five electrons, : P • It may make up its ring to eight by 
forming three covalent linkages or by receiving electrons, so forming 
itself into a negatively charged ion. In either case there will be one or 
more unshared pairs of electrons which may be given to other atoms by 
co-ordirmte linkage. The following formulae show clearly the structure 
and behaviour of the compounds of phosphorus with four other atoms. 
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ion foimed. 


Fig. 147. 

In the group [POwH^-nl the replacement of a hydrogen atom (which 
supplies an electron) by an oxygen atom (which does not, being 
co-ordinated to the phosphorus by receiving two electrons), necessitates 
the taking in of a single electron by the group. Thus the substitution 
of a hydrogen atom by an oxygen atom increases the negative charge 
of the ion and therefore the basicity of the acid by one unit. We see 
also how it is that all the hydrogen atoms of phosi)horous and hypo- 
phosphorous acids are not replaceable. 

The stnictures of the remaining acids of phosphorus are the following. 

Pyrophosphoric Acid . — The seven oxygen atoms had originally 42 
electrons, and the two phosphorus atoms 10, 52 in all. The above 

[h]^ 

Fig. 148. — Pyrophosphoric acid. Fig. 149. — Metaphosphoric acid. 

formula contains 56. Four have been taken from outside and the charge 
of the group (the basicity of the acid) is 56 ~ 52 = 4. 

Metaphosphoric Acid . — The PO 3 group is monobasic, for it contains 
twenty-four valency electrons, while its constituent atoms originally 
contained twenty-three. 

HypophosphoHc Acid H 4 PjiOe. — ^The formula of this acid was formerly 
considered to be H 2 PO 3 , in which case the phosphorus atom would have 
had a septet of electrons. 

Recent work has shown that the ethyl ester is (C|Hj) 4 P, 03 , and not| 
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as formerly believed (C 2 H 5 ) 2 P 03 . Its structure is accordingly in the 
dissociated form. 


H+ : 6 : : 5 : 

: 6 :P : P: O 
■■:(): :0:" 



and in the undissociated form 


ho/ I |\oH 

o o 


778. Hypophosphorous Acid HgPO^. — When white phosphorus is 
boiled with alkalis (§ 770) hypophosphitos are formed. If barium 
hydroxide is the alkali employed barium hypophosphite results. This 
may be treated 

3Ba(OH)2 4 - 8 P 4 - 6 HaO = 2 PH 3 + SBaCHaPOg), 

Ba(H,PO,)2 4 - H2SO4 = BaS04 4 - 2H3PO2, 

with the exact quantity of sulphuric acid needed to precipitate the 
barium. The barium sulphate is filtered off and the clear solution con- 
centrated till it crystallises on cooling. 

Hypophosphorous acid is a crystalline solid. It is a monobasic acid, 
only one of ite hydrogen atoms being replaceable by those of a metal. 
Its structure is discussed in § 777. Both the acid and its salts are very 
j)OWorful reducing agents. Thus a solution of a hypophosphite will 
reduce copper sulphate not only to copi^er but even to the red copper 
hydride (probably CuHj). 

H3PO3 -f 2H2O 4 - CUSO4 == H3PO4 4 - H3SO4 4 - CuHj. 

779. Phosphorous Acid. — Phosphorous acid may be prepared by the 
action of phosphorus trioxide on water, 

P 2 O 3 4- 3 H 3 O = 2 H 3 PO 3 , 

or more readily by the action of phosphorus trichloride on water. The 
h 3 '^drochloric acid formed may be removed by cautious distillation, 

PCI3 4 3 HaO = H3PO3 4 3 HC 1 . 

Phosphorous acid is a solid which melts at 70*1° C. When heated it 
decomposes, fonning orthophosphoric acid and phosphine, 

4H3PO3 = PH3 4 3H3PO4. 

Oxidising agents readily convert phosphorous acid into orthophos- 
phoric acid, 

2HNO3 4 H8PO3 = HgO 4 2NO2 4 ' H3PO4. 

The phosphites and phosphorous acid q^re therefore very powerful 
reducing agents, reducing salts of copper, gold, silver, etc., to the metals. 

780. Hypophosphorio Acid H 2 p 03 . — ^The structure of this compoimd 
has already been discussed. The acid is prepared together with phos- 
phoric and phosphorous acid by the action of moist air on phosphorus. 

The acid forms crystals, melting at 70® C. In presence of acids it 
hydrolyses, forming phosphorous and phosphoric acids, 

2H2PO, 4 HgO «= H3PO3 4 H3PO4. 

It is a mild reducing agent. 
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Phosphobic Acids 

781. The Phosphoric Acids. — ^Three acids are derived from 
phosphorus pentoxide : — 

Orthophosphoric acid . . . H3PO4 

Pyrophosphoric acid . . . H4P2O7 

Metaphosphoric acid . . . HPO3 

All three may be regarded as derived from phosphorus pentoxide, 
but as they cannot, of course, be regarded as containing in their 
structure either water or phosphorus pentoxide, their formulsB 
should only be written 

P2O3.3H2O, P2O5.2H2O, P2O3.H2O 

as a reminder of their derivation, not as an indication of their 
structure. 

The structure of these acids has already been fully discussed. 

782. Orthophosphoric acid may be prepared by the action of water 
on phosphorus pentoxide. The latter is added cautiously to distilled 
water, and the resulting solution is boiled to convert any meta- 
phosphoric acid into orthophosphoric acid, 

P2O5 + 3H2O = 2H3PO4. 

More usual methods of preparation are by the oxidation of phos- 
phorus or from calcium phosphate. 

The former method is the usual laboratory one. Ten gras, of red 
phosphorus are placed in a roomy flask together with 300 c.c. of nitric 
acid (sp. gr. 1*2 ^). A crystal of iodine is added and the mixture is 
heated on a water bath in a good fume cupboard. Great quantities 
of nitrogen tetroxide and nitric oxide are evolved. The solution 
of orthophosphoric acid is evaporated until no more acid fumes 
are evolved, the temperature being kept below 180® to prevent 
decomposition. 

The trace of iodine probably acts by forming phosphorus iodide, 
which reacts with water to hydrogen iodide and phosphorous acid. 
These are oxidised by nitric acid, the first forming iodine once more 
and the latter orthophosphoric acid, 

P + 5/ = p/3 

P/3 + 3 HP == H3PO3 + 3 HI 
3 HI + 3 HNO^ = 3 H^O + 3NO2 + 31 
H^POs + 2 HNOs = H3PO4 + + 2NO2 J 

P + 6HNO3 = H3PO4 + 6NO2 + H2O. 

A commercial method of making the acid by the action of 

^ Equal volumes of water and ordinary concentrated acid (sp, gr. 1*4). 
Stronger acid may cause an explosion. 
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sulphuric acid on calcium phosphate is mentioned on p. 546 under 
the preparation of phosphorus. 

Orthophosphoric acid is a colourless syrupy liquid which solidifies 
to a mass of crystals melting at 38*6® C. It is not volatile at the 
ordinary temperature and is freely miscible with water in all 
proportions. 

\^en heated it decomposes, pyrophosphoric acid being first 
formed at about 250® C., 

2H3PO4 == H4P2O7 + HgO. 

Further heating produces metaphosphoric acid, 

H3PO4 = HPO3 + H3O. 

Orthophosphoric acid has normal acidic properties. It is a tribasic 
acid and ionises to form three negative ions, 

H 3 PO 4 ^ H+ + H 2 P 04 -“ ^ 2 H+ + HPO 4 — ^ 3H+ + PO 4 

H3PO4 behaves like a moderately strong acid, H2P04’’ like a weak 
acid such as acetic acid, and HPO4 — like a very weak acid such as 
hydrocyanic acid or phenol. Thus, when phosphoric acid is titrated 
with caustic soda solution, using methyl orange as indicator, the colour 
change takes place when all the H3PO4 has been converted into HaPOi- 
(when NaH2P04 has been foimod), for the latter ion is a weaker acid 
than methjd orange. If phenolphthalein is used for the titration we 
find that the colour change takes place when H2P04-' has been all con- 
verted into HPO4 — , for H2PO4” is a stronger acid than phenolphthalein. 
No indicator will show the complete conversion of HPO4 — into 
PO 4 -- 

Orthophosphoric acid forms three sodium salts, 

NaH2P04.(H20), Na2HP04.(12H20), Na3P04(12H20). 

Solutions of the first salt are weakly acid in reaction, those of the 
second are weakly alkaline, and those of the third strongly alkaline. 
The reason why an acid salt may react alkaline is explained in § 121. 

Phosphoric acid finds certain uses in chemical practice as a 
substitute for sulphuric acid, where the oxidising properties of the 
latter cause inconvenience. Thus hydrobromic acid may be made 
by the action of phosphoric acid on potassium bromide, where 
sulphuric acid would give a product mixed with bromine and 
sulphur dioxide (§ 1078). 

The phosphates are discussed under the headings of the various 
metals. 


788 . Pyrophosphoric Acid H4P2O7. — ^Pyrophosphoric acid is made by 
heating o3rthophosphoric acid to 215 ® C. for some time. 


HO 

I 


OH 


HO OH 

0»»H— o!h HOi— p-*o ss o*»p--o— i—o 

I I I I 

HO “*- - ' 


T.O. 


OH HO OH 

2H2PO4 = H4P,07 + HjO. 
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Pyrophosphoric acid is a solid of low melting point. It is a tetrabasio 
acid but, curiously, only forms two sodium salts, NaaH2p207 and 
Na4Pa07. Salts such as NaHaPaO, and NaaHPgO, do not exist. 
When pyrophosphoric acid is heated, 

784. Metaphosphoric Acid HPO 3 is formed, 

H4P2O7 = HgO + 2HPO3. 

Metaphosphoric acid is also made by heating orthophosphoric acid 
to a red heat, and is also obtained by the action of cold water 
on phosphorus pentoxide. It forms a deliquescent glassy mass. 
When boiled with water it forms orthophosphoric acid, 

HPO3 + H2O - H3PO4. 

Polymers of this acid exist (v. § 243). 

785. Detection oi the Phosphoric Acids and the Phosphates. — 

Orthophosphates are detected by the molybdate teat ; metaphos- 
phates and pyrophosphates give it if their solutions are previously 
boiled with dilute acid to convert them into orthophosphoric acid. 

The phosphate is dissolved in nitric acid and ammonium 
molybdate solution is added. On warming to about 60® C. a yellow 
precipitate of ammonium phosphomolybdate, 

(NH4)3P04 . I2M0O3 

is produced. The test is given by other phosphorus compounds 
which are for the most part oxidised to phosphates by nitric acid. 
Arsenates give a similar precipitate but only on boiling the mixture. 

Ortho-, pyro- and meta-phosphates are distinguished by their 
action upon silver nitrate and upon albumen. Orthophosphoric 
acid is the only one which gives a yellow precipitate with the former, 
and metaphosphoric acid alone coagulates the latter. Their 
reactions may be summarised : — 


Acid. 

Silvez 

Albumen. 

Orthophosphoric acid • 

Yellow precipitate 

No effect 

Metaphosphoric acid 

White „ 

Coagulated 

Pyrophosphoric acid 

White „ 

No effect 


The estimation of phosphates is carried out by precipitating them 
as magnesium ammonium phosphate, MgNH 4 P 04 . GHgO, by adding 
magnesium sulphate and ammonium chloride to the solution of 
phosphate made alkaline with ammonia, 

HN4+ + Mg++ + PO4 — «= MgNH4P04. 

The magnesium ammonium phosphate is filtered ofi, dried, and 
heated to redness in a crucible, when magnesium pyrophosphate 
Mg^PjO, remains behind and is weighed. 
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786. Phosphorus Sulphides. — ^Numerous sulphides of phosphorus 
are known. They are prepared by cautiously heating sulphur and 
red phosphorus in a current of an inert gas, and may be purified by 
recrystallisation from carbon disulphide. The sulphides P2S6, P4S7 
and P4S3 are definite chemical compounds. 

Phosphorus pentasulphide P2S5 is a greyish -yellow crystalline 
substance, which reacts with water, forming orthophosphoric acid 
and hydrogen sulphide, 

PgS, + 8H2O - 2H3PO4 + 5H2S. 

It reacts with organic compounds in such a way as to replace a part 
of their oxygen by sulphur, and this is its only use. 

Phosphorus sesquisulphide P4S3 forms a grey crystalline mass 
which is used in the manufacture of matches (§ 768). 

Phosphorus Halides 

Phosphorus forms two compounds with each of the halogens, 
PHag, PHag. The existence of phosphorus pentaiodide is, however, 
rather doubtful. 

Phosphorus trifluoride PFg can be made by heating load fluoride and 
copper phosphide, 

3 PbFa + CU3P2 = 3 Pb 4- 3 Cu -f 2PF3. 

It is a colourless gas. With water it forms hydrofluophosphoric acid 
HPF4, together with jihosphorous acid, 

2PF3 + 3H2O = HsPOg + 2HF + HPF4. 

Phosphorus pentafluoride PFg can be prepared by the action of 
arsonic fluoride on phosphorus pentachloride It is decomposed by 
water and is probably fairly stable. 

Phosphoryl fluoride POF3 is also a gas with reactions much like those 
of phosphoryl chloride. 

Thiophosphoryl fluoride PSF3 made by the action of phosphorus 
sulphide on lead fluoride is a gas remarkable in reacting with air and 
burning with a luminous but almost cold flame in which the hand may 
bo held. 

787. Phosphorus Trichloride PCI 3 . — When chlorine acts upon an 
excess of phosphorus the trichloride is formed, 

2P + 3CI2 = 2PCI3. 

The usual apparatus for its preparation is shown in Fig. 160. A 
layer of dry sand is placed in the bottom of the retort and on it is 
placed dry white phosphorus, say, 25 gms. Chlorine, dried by 
sulphuric acid, is led over the phosphorus, which is gently warmed on 
a water bath. The distance of the chlorine tube from the melted 
phosphorus is so arranged that no phosphorus distils over, as occurs 
if it is too near, and also so that no solid pentachloride is formed, as 

002 
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occurs if it is too far away. At the end of the experiment a little 
further heating may be required. 

The liquid so prepared contains some pentachloride, and this is 
best removed by redistilling it over yellow phosphorus. 

Phosphorus trichloride is a heavy, colourless, fuming, mobile 
refractive liquid (D., 1*61), which boils at 74° C. and freezes at 
— 116° C. It is a typical chloride of a non-metal ^ and reacts with 
water and with most substances containing the hydroxyl group, 
OH. In the reactions which ensue the hydroxyl groups and the 



chlorine atoms exchange places, a halide and phosphorous acid, 
H3PO3, being produced, 

PQa + 3HOH == P(OH)3 + 3HC1 
PCI3 + 3C2H5 . OH = P(0H)3 + 3C2H5 . Cl. 

Ethyl alcohol. Ethyl chloride. 

This property of replacing hydroxyl by chlorine makes it a valu- 
able reagent in organic chemistry. Phosphorus trichloride reacts 
with chlorine, forming phosphorus pentachloride. 

788, Phosphorus Pentachloride. — Phosphorus pentachloride is 
best prepared by passing a stream of chlorine gas over phosphorus 
trichloride until the latter is converted into a greenish crystalline 
mass. The apparatus figured may be used. A current of dry 
chlorine passes through the Woulffe’s bottle and phosphorus tri- 
chloride is added drop by drop from a tap funnel, 

PCI3 + CI2 = PCI3. 

1 Cf . chlorides of boron, silicon, sulphur, arsenic, and the chlorides of certain 
of the metals, as aluminium, tin, antimony. 
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Phosphorus pentachloride is, when pure, a nearly colourless solid 
which sublimes at 100-160® C. ; under pressure it melts at 148® C. 
It gives off copious and very irri- 
tating fumes when exposed to the 
air. When heated, phosphorus 
pentachloride vapour decomposes 
into chlorine and the trichloride, 

PCl,^PCl3 + Cl2, 

and in consequence its vapour 
appears to have a density and 
molecular weight corresponding to 
PCI 

a formula, If, however, the 

vapour density be measured at 
lower temperatures it tends towards 
the value corresponding to the formula PCI 5 . (Cf. case of ammo- 
nium chloride, p. 513.) 



Fig. 151. — Preparation of 
phosjihorus pentachloride. 


The electronic formula of phosphorus pentachloride is doubtful. The 
parachor (p. 229 ) indicates that two of the chlorine atoms are attached 
by single -electron linkages, which would explain their ready detach- 
ment (electrons from the phosphoinis atom -f ). 



When treated with water it reacts violently with a hissing sound 
and forms first phosphorus oxychloride and then orthophosphoric 
acid, 

PCI5 + H2O = POCI3 + 2 HC 1 . 

POCI3 + 3H2O = H3PO4 + 3 HC 1 . 

It reacts with hydroxyl compounds very vigorously and is the best 
reagent for preparing acid chlorides. Most anhydrous acids contain 
hydroxyl, e.g,, S02(0H)2 sulphuric acid, NOg . OH nitric acid, 
CH3CO . OH acetic acid, and these when treated with phosphorus 
pentachloride replace this hydroxyl group by chlorine, 

SO2 . ( 0 H )2 + 2 PC 16 = SO2CI2 + 2 POC 18 + 2 HC 1 . 

Sulphuryl 

chloride. 

CH3 . CO . OH + PClj = CH3 . CO . 01 + POCI3 + Ha. 

Acetyl chloride. 

789. Phosphoins Tribromide PBts is best made by allowing bromine 
to act on yellow phosphorus covered by a layer of benzene. The 
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solution is distilled. The benzene comes over at 80® C. and the 
tribromide distils over at 174® C. 

It closely resembles the trichloride, but is denser (D., 2-93) and has 
a higher boiling point. Its reactions with water, hydroxyl compounds 
and with bromine are analogous to those of the trichloride. 

790. Phosphorus Pentabromide PBrs is made by the action of 
bromine on the tribromide. It is a yellow solid and resembles the 
pentachloride, although its reactions are less vigorous. 

791. Phosphorus Tri-iodide PI 3 is made by dissolving equivalent 
weights of iodine and of yellow phosphorus in carbon disulphide and 
mixing the solutions. It forms reddish crystals. Phosphorus lii- 
iodide P 2 T 4 is also known. 

792. Phosphorus Oxychloride, Phosphoryl Chloride POCI3. — This 
substance is best made by the action of potassium chlorate on phos- 
phorus trichloride, 

KCIO3 + 3PCI3 = KCl + SPOClj. 

It may also bo made by the careful addition of water to phosi)horus 
pentachloride, 

PCI5 + H3O = POCI3 + 2 HC 1 . 

It is a fuming liquid which boils at 107® C. With water it forms ortho- 
phosphoric and hydrochloric acids, 

POCI3 + 3H2O = H,P04 + 3 HC 1 . 

ARSENIC As, 74-91 

793. Historical. — The element arsenic was possibly prepared by 
the Greek alchemists, and it was certainly prepared by Albertus 
Magnus as early as the thirteenth century. The sulphides of 
arsenic, realgar and orpiment, were used by the Egyptians and 
later peoples as pigments for decorative frescoes, etc. The name 
‘ arsenikon,’ dpaevticov, given by the Greeks to orpiment, arsenious 
sulphide, means the ‘ male ' or ‘ potent ' substance, and is perhaps 
connected with the poisonous qualities of the arsenic trioxide 
easily obtained from it. 

794. Occurrence. — ^Arsenic compounds are very widely distri- 
buted, and the ores of most metals contain small quantities. Most 
commercially prepared metals, therefore, contain a trace of arsenic. 
The chief source of arsenic is mispickel or arsenical pyrites, 
EeSg . FeAsg. It occurs also as realgar AS2S2, and orpiment AS2S3. 
In the roasting of most ores of tin and copper arsenic trioxide (g.v.) 
is produced. 

795. Preparation of Arsenic. — ^The element arsenic is prepared 
by heating mispickel in an earthenware retort, to the mouth of which 
is fitted a piece of thin sheCt-iron rolled into a tube. The reaction 
FeS2 . FeAs2 = 2FeS + ^As takes place and the arsenic condenses 
as a solid crystalline mass on the iron. 

796. Properties. — ^The element arsenic exists in three forms. 
Grey or metallic arsenic is that commonly met with. When the 
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element is sublimed in a current of hydrogen two unstable modifica- 
tions condense : first, black crystals of ^-arsenic, then a yellow 
powder of a-arsenic. Both varieties change back to the grey 
variety on standing. The yellow variety is soluble in carbon 
disulphide, therein resembling yellow phosphorus. Grey arsenic 
is a steel-grey solid of metallic appearance. It is odourless and 
tasteless, but its vapour has the odour of garlic. Arsenic is very 
brittle. It conducts electricity well. Arsenic volatilises from 100® C. 
upwards, but does not melt except under pressure ; its melting point 
under pressure is 500® C. 

In its physical properties it may, then, be regarded as definitely 
metallic in character. 

Arsenic bums in air with a blue flame, producing arsenic trioxide, 
4As + 3O2 = 2AS2O3. 

It reacts with chlorine — ^igniting if powdered — ^forming arsenic 
trichloride. 

2A8 + 3CI2 = 2ASCI3. 

It also reacts with the other halogens and with sulphur. 

Acids which are not also oxidising agents do not affect it, and 
therein it resembles a non-metal. Fairly concentrated nitric acid 
oxidises it to arsenious oxide and finally to arsenic acid. Aqtui regia 
also oxidises the element. 

797. Atomic Weight. — ^That the atomic weight of arsenic is about 
75 follows from the molecular weights of its volatile compounds, the 
gram -molecular weight of which never contains less than 75 gms. of 
arsenic (§ 62). This value follows also from its position in the periodic 
table and from Dulong and Petit’s law. Accurate determinations of its 
atomic weight have been made by several methods, such as the conver- 
sion of silver arsenate Ag 3 As 04 into silver bromide AgBr, and silver 
chloride AgCl. It does not appear to have any isotopes. The best 
value for its atomic weight appears to be 74*93. 

798. Arsenic Hydride, Arsine AsHs* — ^Arsenic forms one hydride, 
AsHg, which is of considerable interest. 

Arsine is prepared by the reduction of arsenic compounds by 
nascent hydrogen, as in the Marsh test described below, 

AS2O3 + 12H = 2ASH3 + 3H2O. 

A gas mixed with very little hydrogen is obtained by the action of an 
acid upon magnesium or calcium arsenides. 

Mg3As2 + 6HC1 = 3MgCl2 + 2ASH3. 

It may be obtained quite pure by freezing out moisture, then 
liquefjdng the gas by further cooling to — 100® C. 

Arsenic hydride is evolved in small quantities by certain moulds 
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in contact with arsenic compounds. A scar^ was caused during the 
last century concerning the danger of green wallpapers coloured 
with arsenical pigments, such as Schweinfurth green. It was alleged 
that these when damp and mouldy gave off arsenic hydride and 
caused arsenic poisoning in those who inhabited rooms so papered. 

Arsenic hydride is a colourless gas, with an unpleasant smell. It 
is exceedingly poisonous even when much diluted with air. 

Arsenic hydride is very unstable. When heated to about 230® C. 
it decomposes into the element arsenic and hydrogen, 2 ASH 3 = 
2 As + SHg. It is a powerful reducing agent. With silver nitrate 
it gives a yellow coloration, due to the compound AggAs . SAgNOg, 
which gradually blackens owing to decomposition to silver. 

Arsenic hydride is utilised in the Marsh test for the detection of 



arsenic. In this test hydrogen is generated in a small flask (either 
from arsenic-free zinc and arsenic-free acid or by electrolysis), and 
then passed along a glass tube heated at one point by a minute flame. 
The solution suspected of containing arsenic is run into the flask and 
the arsenic, if present, forms arsine. The arsine is decomposed at the 
hot point in the tube and the arsenic so produced deposits just 
beyond this point as a dark shining ‘ mirror.^ The amount of 
arsenic present may be obtained by comparing the mirror with 
standard mirrors prepared from known weights of arsenic. 

Antimony compounds produce a similar mirror, but these mirrors 
are insoluble in sodium hypochlorite solution, which rapidly dissolves 
metallic arsenic. The test is exceedingly delicate and it is difficult 
to procure materials for the generation of hydrogen so pure as to 
give no arsine in this test. 

The form of the Marsh test which is now most in use for testing 
food and drugs for traces of arsenic is that prescribed in the British 
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Pharmacopoeia. A bottle holding , 120 c.c. contains 10 gms. of 
arsenic-free zinc (AsT quality). A 

rubber bung is fitted with an ^ ^ 

upright tube 20 cm. long with a ; * Y ^ 

side hole to prevent liquid being | 

carried up it. The tube contains a I 

lead acetate paper rolled into a ^ 

cylinder 10 cm. long. Two perfo- ‘|> 

rated rubber bungs at the top are : - 

held together by a spring clip and ® • 

enclose a sheet of paper which has J ■ ^ I 

been moistened with saturated mer- JT I I ^ o 

curie chloride solution and dried. ^ % g 

The solution suspected of contain- I 

ing arsenic is mixed with about \ ]| *® 

one -fifth of its weight of arsenic- ^ ^ ^ 

free (AsT) hydrochloric acid and || ^ g 

a little stannous chloride, which ' -“""O |||H ^ g 

serves to reduce penta valent arsenic I J ^ 

It is poured on the zinc : the | J 

hydrogen with any arsine formed Liy— -— *** S 

passes through the circle of mer- I I a 

curie chloride paper, and if arsenic L i -y 

is present a yellow stain is caused. | | ^ 

This is compared with the stains I I .y. \ 

caused by various minute known T | | ^ 

quantities of arsenic, and the pro- | 1 ., ^ 

portion of arsenic in the solution is | sg ^ 2 

thus ascertained. : - ' j q : thIuIhP ^ 

The composition of the yellow ; : = IT 

substance is still in doubt. \ ^ J ZJf ^ 

799. Arsenic Trioxide, White J-JTlTTfTOnr^^ 

Arsenic, Arsenious Anhydride ASgOs. j ■ : > ^ 

— ^Arsenic trioxide is commonly »— ^ 

known as ‘arsenic,’ and is the ' ^ 

most important compound of that p 

element. » It was known to the 

Greek alchemists (a.d. 100 onward), but does not seem to be 
mentioned by any earlier ancient authors. 

Manufacture . — ^Arsenious oxide is prepared by roasting mispickel, 
FeS2 • ^'©As2, 

FeSg . FeAsg + fiOg = FegOg + 2 SO 2 + AsgOg. 

The ore is frequently roasted in a revolving calciner (Fig. 153) down 
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which the ore travels, while the furnace gases and arsenic trioxide 
vapour pass upwards and into a series of brick chambers, where 
the arsenic condenses as a grey powder containing carbon, etc. 
This may be resublimed in a cast-iron pan surmounted by a bell, on 
which the arsenic condenses as a transparent glass — vitreous arsenic. 

Alternatively it is sublimed from a reverberatory furnace 
(Fig. 123) into brick chambers, much as in the preparation of the 
crude material. 

Properties , — Arsenic trioxide exists in three forms : — 

(1) Vitreous arsenic trioxide (amorphous arsenic trioxide). 

(2) Octahedral or common arsenic trioxide. 

(3) Orthorhombic prisms. 

Vitreous arsenic trioxide is a transparent glassy solid. In presence 
of moisture it soon becomes opaque and is transformed into octa- 
hedral arsenic trioxide. The vitreous form is more soluble in water 
(1 : 108) than the octahedral form (1 : 355), as is to be expected, 
seeing that it is the less stable form. 

If the vitreous form (3 parts) be dissolved in hot diluted hydro- 
chloric acid (12 acid, 4 water) the octahedral form crystallises out, 
each crystal giving a flash of light as it is formed. The exact cause 
of this phenomenon is not clear, but the light may result from the 
chemical energy liberated when the amorphous form changes to the 
more stable octahedral modification. 

Octahedral arsenic is a crystalline powder. The crystals are 
highly refractive and brilliant. 

It is without odour and tasteless — ^an assertion which the student 
is not recommended to test. Arsenic trioxide is highly poisonous, 
from 0*3 to 0*4 gm. being a fatal dose. It is often used criminally, 
since it is one of the few powerful poisons easily obtainable and free 
from taste or smell. Fortunately, its detection is very easy, even a 
long time after the death of the victim. It is remarkable that it is 
eaten habitually by certain people without harm resulting, as much 
as half a gram being taken at once. The cause of this apparent 
immunity may be the habituation of the body to the poison, but is 
quite possibly only due to the insoluble character of the coarsely 
crystalline arsenic eaten ; very little being actually assimilated. 
The inhabitants of Styria (S. Austria) use it in this way to improve 
their ‘ wind * and endurance. It appears to have little, if any, ill- 
effect if an overdose is not taken. 

The best antidote to arsenic poisoning is ferric hydroxide in any 
form, ‘ dialysed iron,’ etc. ; it must be taken quickly if it is to be 
effective. The insoluble and comparatively harmless ferric arsenite 
is produced. Arsenic trioxide volatilises without fusion at about 
109® C., but if the pressure is raised the oxide fuses. This behaviour 



ARSENIOUS OXIDE 


571 


is due to the fact that the melting point of arsenic trioxide is higher 
than its boiling point at atmospheric pressure, but lower than its 
boiling point at, say, 2 atm. 

Arsenious oxide is soluble in water. The different forms have 
different solubilities. Octahedral arsenic trioxide is the least 
soluble of these and at 15° C. 100 gms. of water dissolve 1‘66 gms. ; 
at 100° C. 100 gms. of water dissolve 6-00 gms of the solid. 

Chemical Properties . — ^Arsenic trioxide is an acidic oxide with only 
slight hisio properties. It dissolves in water to form a weakly acid 
solution, probably containing arsenious acid, 

AsgOg + 3H2O ^ 2H3ASO3. 

With alkalis it forms various arsenites, usually of complex 
formulae, 

AS2O3 + 6KOH = 2K3ASO3 + 3H2O 
2AS2O3 + 2 KOH = K2AS4O7 + H2O 
2AS2O3 + 6KOH = KeAs 403 + 3H2O. 

Arsenic trioxide is readily oxidised to arsenic pentoxide or to 
arsenic acid. Nitric acid does this, being itself reduced to various 
oxides of nitrogen (§ 801). The halogens also oxidise arsenic 
trioxide. Iodine is used to estimate arsenious acid volumetrically ; 

AB2O3 + 41 + 2H2O ^ AsgOg + 4 HI 
(AS2O5 + 3H2O = 2H3ASO4). 

The reaction goes to completion in presence of sodium bicarbonate, 
which removes the hydrogen iodide, but unlike the caustic alkalis 
does not react with iodine. 

Arsenious oxide behaves like a basic oxide in its reaction with 
concentrated hydrochloric acid, arsenic trichloride being formed, 

AS2O3 + 6HCi ^ 2ASCI3 + 3H2O. 

It reacts with hydrogen sulphide, 

AS2O3 + 3H2S = A82S3 + 3H2O. 

The arsenic sulphide may deposit as a yellow solid or remain in 
colloidal solution. This solution is one of the easiest sols to prepare. 

Arsenic trioxide finds numerous uses in industry, in glass-making, 
pyrotechny and as a poison for plants and animals. Fly papers, 
rat poisons, and arsenical soap for preserving skins contain it. 

Fowler's solution is a weak solution of sodium arsenite, used mainly 
in veterinary medicine as a tonic. Arsenious oxide is used in making 
arsenic acid and the arsenites mentioned below. 

Arsenic trioxide has caused poisoning by its accidental presence in 
foodstuffs. In the year 1900 about 6,000 people suffered illness and 
some 70 died from arsenic poisoning, the origin of which was beer. 
The arsenic is said to have been introduce into the beer with 
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glucose manufactured from sulphuric acid containing arsenic, 
originally derived from arsenical pyrites. 

Recently a number of children in the Potteries district have been 
made ill as a result of eating sweets dusted with arsenic trioxide, 
which had been mistaken for French chalk. 

800. The Arsenites. — Some of the salt of arsenious acid are of 
special interest. The arsenites may be regarded as derived from the 
acids AsgOg . HgO or HAsOg and the acid AsgOg . SHgO or H3ASO3. 

Sodium arsenitey as made by dissolving arsenious oxide irt caustic 
soda, is an acid salt. The neutral salt NaAs02 can be made by 
boiling this with sodium carbonate solution. 

Sodium arsenite is used as a weed-killer. It is, of course, highly 
poisonous. When treated with an acid, arsenious oxide is produced, 

2NaAs02 + 2HC1 = 2NaCl + H2O + AS2O3. 

Copper arsenite CUHA8O3 is made by dissolving arsenic trioxide 
in potassium carbonate solution and ad^ng copper sulphate solution 
to the potassium arsenite so formed. 

It is a fine green pigment, known as Scheele's green. Its very 
poisonous character has led to its disuse. 

Copper aeeio-arsenite Cu(C2H302)2-3Cu(As02)2 is a fine green 
pigment, and is made by mixing sodium arsenite and copper acetate 
in the correct proportions. Its use in wallpaper {p. supra) may 
cause the production of arsine or diethylarsine HAs(C2H5)2. 

801. Arsenic Oxide. — Arsenic pentoxide AS 2 O 5 . — This oxide is 
made by oxidising arsenious oxide with concentrated nitric acid, 
nitrogen peroxide being evolved, 

A82O3 + 4HNO3 = AS2O3 + 2H2O + 4NO2, 

or by passing chlorine through a suspension of the oxide in water. 

AS2O3 + 2CI2 + 2H2O = AS2O6 + 4HCL 
The solutions are evaporated to dryness. 

Arsenic pentoxide is a white solid. It has an acid taste and is 
poisonous, though to a less extent than the trioxidc. 

Arsenic pentoxide dissolves readily in water, and the solution 
contains arsenic acid, 

AS2O5 + 3H2O 2H3ASO4. 

The Arsenates. Crude sodium arsenate is made by heating solid 
arsenite with sodium nitrate. 

In the laboratory it may be made by mixing a solution of arsenic 
acid with excess of sodium carbonate and allowing the sodium 
arsenate Na2HAs04.12H20 to crystallise out. It is a stable salt, 
much resembling sodium phosphate. It finds a use in calico- 
printing. 
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Lead arsenate is used for spraying fruit trees. It does not harm 
the trees but kills the caterpillars which eat the sprayed leaves. 
Accidents have resulted from small quantities lodging in the depres- 
sion at the top of an apple. Needless to say, the spraying should be 
done before the fruit has set. 

802. Arsenic Sulphides. — These are three : — 

Arsenic disulphide, realgar . . . AsgSg 

Arsenic trisulphide, orpiment . . AsgSg 

Arsenic pentasulphide . . . AsgSg 

803. Arsenic Disulphide, Realgar ASgSg. — This substance is found 
native as rvJby sulphury but is usually made by fusing together 
arsenic and orpiment, or sulphur, 

2AS2S3 -f- 2As = SAsoSa 
2S + 2As = AS2S2. 

Realgar is a hard brittle orange-red substance. It readily burns 
in air, 

2AS2S2 + 7O2 = 2AS2O3 + 4SO2. 

It is very unreactive, and is not easily attacked by acids, etc., but is 
readily oxidised by nitric acid. 

It is used for making ‘ blue fire ’ and ‘ white fire ’ in pyrotechny, 
and it also finds a use as a pigment. 

804. Arsenic Trisulphide, Orpiment. — The name orpiment is a 
corruption of the Latin ‘ auripigmentum,’ gold paint. 

Arsenic trisulphide is found native but is usually made by sub- 
liming a mixture of arsenious oxide and sulphur, 

2Asa03 + 9S = 2AS2S3 + 3SO2. 

In the laboratory it is readily made by the action of hydrogen 
sulphide on a solution of arsenious ©xide in hydrochloric acid, 

2ASCI3 + 3H2S ^ AS2S3 + 6HC1. 

Arsenic trisulphide is a fine yellow solid. It sublimes when heated, 
and if air is present it forms arsenic trioxide. 

2AS2S3 “|- 9O2 = 2AS2O3 “f- 6SO2. 

Arsenic trisulphide is insoluble in water. It is an * acidic sulphide ’ 
and is readily soluble in solutions of alkaline sulphides. Thus it 
dissolves in sodium sulphide solution, forming sodium thioarsenite, 
NagS + AsgSg = 2NaAsS2. 

Yellow ammonium sulphide, which contains sulphur in solution, 
oxidises it and forms ammonium thioarsenate, 

3(NH,)2S + 2S + AS2S3 = 2(NH4)3AsS4. 

These reactions are of some interest as they are used in qualitative 
analysis. 
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805. Arsenic Pentasulphide As^Ss is obtained by passing a rapid 
stream of hydrogen sulphide through a solution of arsenic acid mixed 
with twice its volume of concentrated hydrochloric acid, 

2 H 3 As 04 ^Asa 05 + SHgO 

AsaOj -f 5H2S = ASjSg + 5H2O. 

It is a bright yellow solid, decomposed on heating into arsenic trisulphide 
and sulphur. 

806. Other Salts of Arsenic. — ^Arsenic does not form oxysalts, 
such as nitrates, sulphates, etc., and therein shows its chemical 
character as a non-metal. 

807. Arsenic Chloride. — ^Arsenic trichloride is prepared by the 
action of chlorine on arsenic, or better, by heating sulphur chloride 
wdth arsenic trioxide in a flask fitted w ith reflux condenser, a current 
of chlorine being passed. The arsenic chloride is distilled over. 

4AS2O3 ~f- 3S2OI2 “1“ 9OI2 = 8ASCI3 “f- 6S02» 

The action of concentrated hydrochloric acid upon arsenious 
oxide gives a solution of the compound. 

It is a colourless liquid. It has strong corrosive properties and 
has been used as a caustic. Arsenic trichloride boils at 130® C. 

It is hydrolysed by water, the reaction being reversible, 

2ASCI3 + 6H2O ^ 2H3ASO3 + 6HC1. 

Arsenic trichloride is intermediate in type between the typical 
non-metallic chloride, such as phosphorus trichloride, and the typical 
metallic chlorides, such as those of zinc or copper. Its solutions 
behave like those of metallic salts in some respects. They do not, 
however, appear to contain the ion A8+++. 

It should be noted that the compound AsClg does not exist. 
The only halogen compound qf pentavalent arsenic known is the 
pentafluoride AsFg. 

808. Detection of Arsenic. — The Marsh test has already been 
d escribed (§ 7 98) . The Reinsch test is for some purposes preferred to 
the Marsh test. The solution of the substance suspected to contain 
arsenic is warmed with concentrated hydrochloric acid and a piece of 
pure bright copper foil. The copi)er becomes covered with a dark 
layer of copper arsenide and is then dried, placed in a glass tube, and 
gently heated in a slow current of hydrogen. The arsenic, if present, 
"sublimes from the copper and forms a mirror on ihe tube walls. 

ANTIMONY Sb, 121-76 

809. Historical. — ^The element antimony was known to the 

ancients, though it was confused with lead. Antimony sulphide, 
the Greek ori/ifK, and the Latin has been used in the East 
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as an eyebrow black since the remotest times. Pliny speaks of the 
* lead * made from stibium, and clearly refers to metallic antimony. 
The name antimony is a curious one. The suggestion that it was 
called anti-moine because a number of monks were accidentally 
poisoned with it, seems to have no foundation. Probably the name 
was derived from some such word as dvrefioviov, connected with 
the Greek dvdo^y a flower, the word flower being used for a fine 
powder, e.gr., flowers of sulphur. To the alchemist Basil Valentine is 
attributed a book entitled “ The Triumphal Chariot of Antimony,” 
in which he extolled its remarkable properties. This is doubtless a 
forgery dating from the seventeenth century. It is, however, full 
of interest for the early history of this element. 

810. Occurrence. — ^Metallic antimony is rarely found native. Its 
most important ore is stibnitey antimony sulphide ; but it is found in 
numerous other forms, as oxide SbgOg, etc. 

811. Manufacture of Antimony. — Stibnite is treated in two ways. 
If the ore is of good quality it is usually smelted by heating it with 
scrap iron. Iron sulphide and antimony result, 

SbaSa + 3Fe = 2Sb + 3FeS. 

The antimony settles to the bottom. It is purified by re-melting it 
with some more sulphide and a little salt. 

A poor ore is often treated by roasting it and oxidising it to 
trioxide, which is condensed as a soHd in much the same way as is 
arsenic trioxide. The oxide is then reduced with carbon, either in a 
reverberatory furnace or in crucibles, 

SSbgSs + 9O2 = 2Sb203 + 6SO2 

2Sb203 + 3C = 4Sb + 3 CO 2 . 

Properties. Antimony is a greyish metal of considerable lustre. 
When pure it crystallises very well and ingots of antimony are 
known to be pure if they show a beautiful ‘ star * or ‘ fem-leaf ’ 
on the surface. Antimony is a very brittle metal, of density 6*8, 
which melts at 630® C. It is valuable for castings, as it expands on 
sohdifying and takes a particularly good impress of the mould. Anti- 
mony-lead alloys — ^type-metal — also expand in this way, and their 
value for casting type depends on the property. For a metal 
antimony is a poor conductor of heat and electricity. 

812. Allotropy. — ^Antimony, like arsenic, exists in three allotropic 
forms : — 

(1) Crystalline metallic antimony, which has already been 
described. 

(2) Yellow modification (only stable at low temperatures). 

(3) Explosive or amorphous antimony. 

The last is obtained by the slow eleotrolysis of a solution of 
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antimony trichloride in hydrochloride acid. It has a steel-like lustre. 
When heated or even scratched with a nail, it changes to the crystal- 
line form, producing much heat. This modification is never free 
from antimony trichloride and hydrogen chloride. 

813. Chemical Properties. — Antimony burns at a red heat, giving 
off white fumes of the trioxide. 

4Sb + 3 O 2 = 2Sb20s. 

It combines readily with the halogens, powdered antimony igniting 
in chlorine. It also combines readily with sulphur. 

Antimony is not affected by dilute acids other than nitric acid. 
Concentrated hydrochloric and sulphuric acid produce their respec- 
tive salts, 

2Sb + 6HC1 == 2SbCl3 + 3 H 2 . 

Antimony is between bismuth and hydrogen in the electromotive 
scale. Thus it is displaced from solutions of its salts by most 
metals. Antimony finds uses in the making of certain alloys. 

Alloyed with lead it hardens it and also makes the melted lead 
more fluid. Lead for the manufacture of shot accordingly contains 
antimony. Type metal, Britannia metal and some anti-friction 
metals contain antimony. With copper antimony forms a remark- 
able alloy, ‘ Regulus of Venus,’ which is violet in colour. It is 
apparently a compound, SbCug. 

814. Atomic Weight. — Antimony must, from the law of Dulong and 
Petit and from the densities of its volatile compounds and its position 
in the Periodic table, have an atomic weight of about 120. From this 
value and the equivalent (c. 40) it is evident that antimony is tervalent 
in certain of its halides, and the formula of the ordinary chloride is 
evidently SbClj. Its atomic weight has been determined by converting 
the metal into the chloride, and by precipitating silver chloride from 
antimony chloride, etc. Results obtained by different workers varied 
rather considerably and a value of 120-2 was for a long time accepted. 
Recently the study of mass spectra revealed the existence of two isotopes 
of atomic weight, 121 and 123. The value for the atomic weight had 
therefore to lie between these figures, and determinations by three 
independent sets of workers agreed in giving values between 121*74 and 
121*773. The value 121*76 is now adopted. 

815. Antimony Hydride, Stibine SbH,. — ^Antimony hydride is 
made by the same methods as arsenic hydride. 

Stibine is a colourless gas with an unpleasant smell. It is poison- 
ous. It decomposes even at room temperature and the pure gas may 
explode if heated, 

2SbH3 == 2Sb "f* 3H2. 

It has strong reducing properties. It differs from arsine in that it 
reacts with silver nitrate, forming silver antimonide Ag^Sb, and not 
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metallic silver as does arsine. These differences have been used to 
separate arsenic and antimony in qualitative analysis. 

816. Oxides of Antimony. — These are three in number : — 

Antimonious oxide, antimony trioxide . Sb40j 
Antimony tetroxide .... Sb204 

Antimony pentoxide .... Sb205 

817. Antimony trioxide Sb 203 is made by the action of water on 
antimony trichloride. A solution of the latter in hydrochloric acid 
is largely diluted, when the oxychloride is formed, 

SbCla + H2O ^ SbOCl + 2HC1, 

as a white precipitate. If this precipitate is filtered off and .washed 
with water on the filter until the filtrate is no longer acid, the trioxide 
remains, 

2SbOCl + H2O ^ SbgOa + 2HC1. 

Antimony trioxide is a white solid. It fuses when heated and 
sublimes below a red heat. If heated in air it reacts with oxygen, 
forming the tetroxide, 

2Sb20, + 02 = 2Sb204. 

Antimony trioxide is slightly soluble in water and with alkalis 
gives arUimonites, such as NaSb02, Na2Sb407, etc. These salts are 
easily oxidised to antimonates. 

Like arsenious oxide, it is attacked by hydrochloric acid, though 
more readily ; other acids have little or no effect. 

188. Antimony Tetroxide Sb 204 is made by heating antimony or 
antimony trioxide in air, 

2Sb + 2O2 = Sb204. 

Antimony tetroxide is a white soUd, which is not volatile even at 
a red heat. It is acidic in character and forms salts when fused 
with potash. It is a mixed anhydride quite analogous to N2O4 and 
P2O4. 

819. Antimony Pentoxide Sb 205 . — ^Antimony pentoxide may be 
made by the action of a large volume of water on antimony penta- 
chloride, 

2SbCl5 + 6H2O = SbgO^ + lOHa. 

It forms a yellow powder which at a red heat loses oxygen and forms 
the tetroxide. It is very slightly soluble in water, forming an acid 
solution. 

820. The Antimonates. — ^Numerous antimonates exist. Potassium 
pyro-antimonate (sometimes called metantimonate) K43ba07 is made 
by fusing potassium nitrate and adding powdered antimony. When 
boiled with water, potassium dihydrogen pyro>antimonate is produced. 
A solution of this salt gives with sodium salts a precipitate of sodium 
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diliydrogen pyro-antimonate, almost the only insoliilile salt of that 
metal. 

821. Antimony Sulphides. — Two sulphides of antimony exist : — 

Antimony trisulphide . . . SbgSg 

Antimony pentasulphide . . . SbgSs 

Antimony irisulphide occurs in two forms, one orange and the 
other black. The black form is the commonest ore of antimony — 
stibnite. 

Antimony sulphide may be prepared in its black form by heating 
a mixture of powdered antimony and sulphur. The orange form is 
prepared by the action of hydrogen sulphide on a solution of 
antimony trichloride, 

2SbCl3 + SHgS ^ SbgSa + 6HCh 

Since the reaction is reversible, the solution of the trichloride used 
should not contain too much acid. Failure to precipitate antimony 
in qualitative analysis is usually due to this cause. 

The orange form is converted into the black form by heating it. 

Antimony trisulphide burns w^hen heated in air, forming either the 
trioxide or tetroxide, 

2Sb2S3 + 90* = 2Sb203 + GSOg 
SbaSa + 60a == Sb 204 + SSOg 

Its ready combustibility makes it valuable in the preparation of 
match-heads, fireworks, percussion caps, etc. 

Antimony sulphide dissolves in strong hydrochloric acid, giving 
the chloride and hydrogen sulphide. It is soluble in solutions of 
alkaline sulphides in precisely the same way as is arsenic sulphide 
(§ 804), thioantimonites being formed. Potassium thio-antimonite 
is the chief constituent of Kermes mineral, used medically in the 
eighteenth century. Various orange and red pigments are made 
from antimony sulj)hide by oxidising it by fusion in air, etc. The 
mixtures of oxide and sulphide so produced are of fine yellow, orange 
or vermilion tints. 

Lead antimonate is also used as a yellow pigment. 

822. Antimony Pentasulphide SbgSs is made by boiling the tri- 
sulphide with caustic potash and sulphur and. then acidifying the 
solution with sulphuric acid. Potassium sulphide is formed, 

6 KOH + 4S = K 3 S 3 O, -f 2 KjS + SHjO. 

This, with the trisulphide, forms the thioantimonite, 

SKjS -f Sb^Sa == 2 K 8 SbSa. 

The sulphur present oxidises this to thioantimonate, 

KjSbSa -f S = KjSbSa, 

which when acidified gives antimony pentasulphide, 

2KaSbS4 -h 6HC1 « 6KC1 + SbaS* + 3HaS. 
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It is a golden yellow substance. It combines with alkaline sulphides, 
forming thioantimonates, of which Schlippe’s salt, Na3SbS4. OHjO, is 
the best known. It has been used in the vulcanisation of rubber. 

Recent work indicates that * antimony pentasulphido * is not a true 
compound but rather a mixture of a tetrasulphide, Sb284, and sulphur. 

823. Tartar Emetic. 

Potassium Antimonyl Tartrate 2 [K(SbO) • C4H40e] H2O. 

This is a double salt of potassium tartrate and antimonyl tartrate or 
antimony oxy tartrate. It is prepared by the action of acid 
potassium tartrate, ‘ cream of tartar,* on antimonious oxide. The 
equations are more easily followed if tartaric acid C4H40g is called 
Hgt, where f is C4H4O0. 

2KHT + SbaOg = 2K{SbO)f + HaO. 

Tartar emetic forms distinct and w^ell-formed octahedral crystals, 
readily soluble in water. It has an unpleasant metallic taste. In 
small doses, 0*05--0*l gm., tartar emetic causes vomiting and is some- 
times used in medicine for this purpose ; larger doses are poisonous. 
It has recently found uses in treating tropical diseases. Large quan- 
tities are used as a mordant in dyeing. 

824. Antimony Chlorides. — Two chlorides of antimony exist, the 
trichloride SbClg, and the pentachloride SbClg. 

The trichloride is best prepared by the action of strong hydro- 
chloric acid on antimony sulphide. A few drops of nitric acid 
accelerate the reaction. 

SbgSg + 6HC1 = 2SbCl3 + 3H2S. 

The solution obtained is evaporated until it crystallises. It is then 
distilled, and after a drop of the distillate has solidified on cooling, the 
pure antimony chloride is collected. 

It can also be prepared by the action of chlorine on antimony or 
antimonious oxide. 

Antimony trichloride is a white solid. It is buttery in consistency 
if not quite pure, and is given the trivial name of “ Butter of 
antimony.’* It melts at 73° C. when pure and boils at 223-5° C. It 
is highly dehquescent. 

Water decomposes it according to the reversible reaction, 

SbCla + HgO ^ SbOCl + 2HC1, 

the white insoluble antimony oxychloride being produced. It 
resembles in most of its reactions a metallic chloride rather than that 
of a non-metal, though in its ready hydrolysis it shows a resemblance 
to the latter. 

It finds uses in the making of antimonious oxide, used to prepare 
tartar emetic. 

Antimony pentachloride SbClg ig prepared by passing chlorine into 

f » 2 
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melted antimony trichloride. It finds some uses in the manufacture 
of organic chemicals. 

825. Antimony Oxychloride. Basic Antimony Chloride SbOCL — 

This substance is also known as powder of Algarothy being so named 
from Vittorio Algarotto, a seventeenth-century exponent of its 
medicinal virtues. It is made by adding water to the trichloride till 
the solution is just turbid and then diluting the whole to about 
seven times its volume, 

SbClg + H^O ^ SbOCl + 2HC1. 

If too much water is used the trioxide (g'.v.) is formed. 

It is a white powder. It dissolves in hydrochloric acid and forms 
the trichloride according to the equation given above. 

826. Detection of Antimony.— Antimony salts are easily detected 
by their precipitation of the orange sulphide when hydrogen 
sulphide is passed through their solutions, which should not have an 
acidity greater than 2-3 N. They are distinguished from arsenic 
compounds by the insolubility of this sulphide in saturated ammo- 
nium carbonate solution. 

The Marsh test {q.v.) also serves to detect antimony. 

BISMUTH Bi, 209 0 

827. Historical. — The element bismuth was known in the four- 
teenth century, but it was not satisfactorily studied until the 
eighteenth century. 

828. Occurrence. — Bismuth is not infrequently found native in 
small quantities in numerous minerals. The chief ore is bismuthyl 
carbonate. It is extracted from this ore by dissolving it in hydro- 
chloric acid, 

(Bi0)2C03 + 6HC1 = 2BiCl3 + SHgO + COg, 
and immersing scrap iron in the liquid so obtained. Bismuth is 
precipitated as a black powder, which is washed, dried, fused and 
cast into ingots, 

2 BiCl 3 + 3Fe = 2Bi + SFeClg. 

The bismuth may be further refined by redissolving it in nitric acid 
and pouring into much water. Bismuth is precipitated as the basic 
nitrate (q^v.) while other metals remain in solution. The basic nitrate is 
then fused with chaicoal and a fiux. such as potassium tartrate, when 
it is reduced to metal. 

829. Properties of Bismuth. — Bismuth is a grey-white metal with 
a pink tinge. It readily crystallises. The method used for pre- 
paring crystals of monoclinic sulphur (§ 887) will afford good crystals 
of bismuth. Bismuth is one of the most fusible of metals, melting 
at 264® and boiling about 1,420® Q. 
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Bismuth is brittle and of poor tenacity. Its density is high (9*8). 
It is strongly diamagnetic, i.e., repelled by the poles of a magnet. 

Bismuth is not affected by air at the ordinary temperature, but 
when heated it burns, producing a yellow smoke of its oxide BigOg. 
Bismuth bums in chlorine, forming the trichloride, 

2Bi + 3 CI 2 = 2BiCl3. 

It also reacts with the other halogens and with sulphur. It is 
unattacked by ordinary dilute acids. Concentrated hydrochloric 
acid has little effect, but nitric acid and concentrated sulphuric acid 
attack it, forming the corresponding salts (q.v.). 

Bismuth is a constituent of fusible metals, which are, as a rule, 
alloys of lead, tin, cadmium and bismuth. Wood’s metal contains 
bismuth 4 parts, lead 2 parts, tin 1 part, cadmium 1 part, and melts 
at 65° C. 

The high price of bismuth renders its use in solders very limited, 
but an alloy of bismuth, tin and lead is occasionally used where a 
very fusible solder is required. 

830. Atomic Weight.— The atomic weight of bismuth is shown by 
Dulong and Petit’s law and by the vapour densities of its volatile com- 
poimds (chloride, etc.) to be about 208. The most nearly accurate 
value is probably 209. Aston finds that bismuth contains no isotopes 
and has an atomic mass of 209. 

831. Bismuth Hydride BiHs. — This exceedingly unstable gas is 
evolved in very small quantities when a magnesium-bismuth alloy is 
dissolved in acids. Thus, if the alloy is placed in the apparatus for 
Marsh’s test (Fig. 152) and treated with acids a faint ring of bismuth is 
obtained on the heated tube. Its existence was first demonstrated by 
using the radio-active isotopes of bismuth, thorium C or radium C. 
These, alloyed with magnesium, evolved a radio-active gas, which was 
readily decomposed. A radio-active gas can, of course, be detected in 
much smaller quantity than that needed for the detection of any other 
type of substance. What little can be ascertained about bismuth 
hydride indicates that it is a very unstable gas, readily decomposed by 
the reagents which attack arsenic and antimony hydrides. 

832. Bismuth Oxides. — Four oxides exist : — 


Bismuth monoxide 

, 

, 

. BiO 

Bismuth trioxide 

a 

a * 

. Bi 203 

Bismuth dioxide 

a 

a 

Bi 204 

Bismuth pentoxide 

. 

. 

. Bi 203 


833. Bismuth Monoxide BiO forms a black powder. It is obtained, 
by the action of carbon monoxide on bismuth trioxide, 

BigO, + CO = 2BiO + CO*, 

or by heating bismuth oxalate. It has been thought to be a mixture of 
bismuth and bismuth trioxide. 
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834. Bismuth Trioxide Bi 203 is obtained by heating bismuth 
subnitrate or by burning the metal, 

4Bi0N03 =- 2 Bio 03 + 4 NO 2 + Og 

4Bi + 3 O 2 == 2Bi203. 

It is a pale yellow fusible solid, which is readily reduced to the 
metal by heating with carbon or hydrogen. Carbon monoxide 
reduces it to the monoxide BiO. It has the ordinary properties of 
a basic oxide and is also feebly acidic, as is shown by its dissolving 
to a small extent in concentrated sodium hydroxide. 

885. Bismuth Dioxide Bi 204 is made by the action of oxidising 
agents, such as chlorine on an alkaline suspension of bismuth trioxide. 

It is a brown powder which, when heated, loses oxygen. With hydro- 
chloric acid it gives chlorine and the trichloride, and with oxy -acids it 
gives oxygen and a salt of trivalent bismuth. 

836. Bismuth Pentoxide BigOg. — If the process of oxidising bismuth 
trioxide with chlorine be carried on for a longer period, red potassium 
bismuthate KBiOg is precipitated. When this is treated with dilute 
nitric acid, metabismuthic acid HBiOg is formed and when this is dried 
bismuth pentoxide is formed as an unstable brown powder. Wlien 
heated and when treated with acids it behaves like the tetroxide (g'.v.). 
The bismuthates have been used as powerful oxidising agents. 

A favourite method of estimating manganese in presence of much 
iron (as in steel) consists of dissolving the alloy in nitric acid and 
heating with sodium bismuthate. The manganese is oxidised to 
permanganate, and after filtration through asbestos in a Gooch crucible, 
is much diluted and titrated with ferrous ammonium sulphate. 

837. Bismathyl Carbonate (BiOlgCOg is the only carbonate 
formed by the elements of this family, and its existence illustrates 
the more metallic character of bismuth as compared with the other, 
elements of the group. 

838. Bismuth Nitrate Bi(N 03 ) 3 , 5 H 2 O is prepared by the action of 
nitric acid on bismuth, its oxide, or its carbonate. It is a white 
crystalline deliquescent salt and has the usual properties of a 
nitrate (§ 750). When mixed with much water the aubnitrate^ which 
has a considerable use in medicine, is formed. 

Bi(N 03)3 + H 2 O == BiONOg + 2 HNO 3 . 

It was formerly employed as a face powder and stories are told 
of the faces of ladies seated by a coal fire becoming suddenly of a 
tawny brown colour — ^hydrogen sulphide from the fire having con- 
verted the bismuth subnitrate into the black sulphide. 

839. Bismuth Sulphide BigSg is precipitated when a current of 
hydrogen sulphide is passed through a solution of a bismuth salt. 
It is not acidic in character and thereby differs from antimony and 
arsenic sulphides. It is insoluble in alkaline sulphides* 
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840. Bismuth Chloride Bids is formed when chlorine is passed 
over heated bismuth, 

2Bi + 3CI2 == 2BiCl3. 

The ordinary methods for making chlorides may also be used. 

It is a white solid, which melts at 227° 0. and boils at 428° C. 
Its most interesting property is its ready formation of an insoluble 
basic salt (cf. SbClj, § 824). 

BiClg + H2O ^ BiOCl + 2HC1. 

This property is used as a test for bismuth in qualitative analysis. 

841. Bismuth Oxychloride BiOCl is prepared as above or by the 
reaction of dilute common salt solution with bismuth nitrate, 

Bi(N03)3 + 3NaCl + HgO == BiOCl + 3NaN03 + 2HC1. 

It is used as a pigment under the name ‘ pearl white.’ 

842. The Gradation of Properties in the Elements of Group V. 
(Typical Elements and B Sub-group). — We note in this group a 
steady change in character as we pass from the t3rpical non-metal 
nitrogen to the typical metal bismuth. 

The elements of the group show this gradation well. Nitrogen 
shows no metallic appearance or chemical behaviour, nor does 
phosphorus, save in the one respect that black phosphorus conducts 
electricity. Arsenic in appearance resembles a metal ; it conducts 
electricity as a metal does, but in its reactions with acids it resembles 
a non-metal. Antimony is, from the point of view of its physical 
properties, undoubtedly a metal, its brittleness alone linking it to the 
non-metals. Chemically, too, it resembles the metals except, 
perhaps, in its reaction with nitric acid to form an oxide. Bismuth 
is entirely metallic in all its characters. 

The hydrides present also an interesting gradation. Ammonia is 
comparatively stable, but phosphine, arsine, stibine show a steadily 
diminishing stability, while bismuth hydride has but a fleeting 
existence. Again, ammonia is definitely basic, phosphine forms a 
few unstable salts and the rest form no inorganic salts, though 
organic arsonium and stibonium derivatives are known. No 
bismuthonium derivatives exist. 

The oxides show the same gradation. Those of nitrogen and 
phosphorus are acidic or neutral. Arsenic trioxide shows a few 
basic characters, as in its reaction with hydrochloric acid. Antimony 
trioxide is amphoteric, both acidic and basic, while bismuth oxide 
is predominantly basic. 

The halides again are of interest. The explosive nitrogen halides 
are certainly exceptional in type. The halides of phosphorus are 
definitely not salts — ^they are decomposed by water and certainly do 
not form a P+++ ion. Arsenic chloride is easily hydrolysed, and the 
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As+++ ion may be formed from it in small quantity. Antimony and 
bismuth chlorides are definitely salts, and are not easily completely 
hydrolysed but form basic salts. 

Salta of OxyacAda (sulphates, nitrates, etc.). — ^Nitrogen, phos- 
phorus and arsenic resemble the non-metals in not forming salts ; 
antimony forms a somewhat unstable sulphate, a nitrate, tartrate, 
etc., and bismuth behaves like a normal metal, except in its strong 
tendency to form basic salts. 

We may, then, regard nitrogen and phosphorus as non-metals ; 
arsenic as a non-metal with some metallic characters, antimony as a 
metal with some non-metallic characters, and bismuth as a metal. 
The term metalloid is often applied to arsenic and antimony to 
denote their intermediate position between the metals and non- 
metals. 

848. Snb-Groub V. A 

The metals of sub-group V. A are : — 

Vanadium. 

Niobium (Columbium), 

Tantalum. 

Protoactinium. 

Their atomic numbers and their atomic structures on Bohr’s theory 
are given below : — 


Atomic 

No. 

Element. 

h 

2j 2, 

3, 3, 3, 




I 

23 

Vanadium . 

2 

8 

2 6 3 

2 




41 

Niobium 
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8 

18 

2 6 4 

1 



73 

Tantalum 

2 

8 

18 

32 

2 6 3 

2 


91 

Protoactinium 

2 

8 

18 

32 

18 

2 6 4 

1 











The elements of this group are characterised then by two incomplete 
outer groups of orbits containing 6 electrons in all. Their highest 
valency is in each case 5. 

The elements of this group are of no great practical or scientific 
importance. They are among the less common elements and are 
characterised by the following features. 

The elements are metallic in appearance and physical properties. 
They are extremely hard and have very high melting points, c. 1,500- 
3,000° C. The elements are chemically of a metalloid or non-metallic 
character. They are fairly readily oxidised and are attacked by chlorine, 
but are comparatively resistant to the action of acids. 

The elements form some lower oxides of valencies 2-4, but in their 
most stable compounds they are quinquevalent. They each form a 
pentoxide. The pentoxides of vanadium, niobium and tantalum are 
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acidic in character and form salts analogous to the phosphates, but 
protoactinium pentoxide is feebly basic. 

Their lower chlorides (valency < 4) are, if formed, very powerful 
reducing agents. The higher chloride MCI 5 is of the non-metal lie type, 
being decomposed by water. Vanadium is exceptional in not forming 
a pentachloride. 

VANADIUM V, 60*96 

844. Occurrence and Preparation. — ^Vanadium has been known since 
the early part of the nineteenth century. It does not occur native but 
is widely distributed in many rocks. Its chief ores are carnotite 
(potassium uranyl vanadate) and patronite, the latter a complex 
mixture of sulphides. The metal is obtained from the pentoxide by 
the aluminothermic process with mischmetall (§§ 480, 509), 

SVaOg + lOM == 6 V -f 6 M 2 O 3 , 

where M represents the various trivalent rare-earth metals in the 
mischmetall. 

Ferrovanadium, the alloy of iron and vanadiiun, is made by reducing 
a mixture of iron oxide and vanadium oxide in the electric furnace. 

846. Properties. — Vanadium is a very hard and brittle gtey-white 
metal. It molts at about 1,700° C. It is a fairly good conductor of 
electricity. 

Vanadium bums in air or oxygen. If it oxidises slowly it successively 
foims the black trioxido, the blue tetroxide and the reddish -yellow 
pentoxide. Chlorine attacks it, forming the tetrachloride VCI 4 . 

Vanadium is not attacked by most acids. Hydrofluoric acid forms 
the fluoride, while concentrated nitric or sulphuric acid oxidises it to the 
pentoxide. Dilute nitric acid, however, forms the somewhat indefinite 
oxynitrate V 0 (N 03 ) 2 . 

Vanadium finds a use in making vanadium steel. Steel containing 
a little of this metal is stronger than ordinary steel and finds a use 
for car-parts, etc., which are subjected to often-repeated shocks. 
Vanadium compounds have been used in medicine. They are very 
poisonous. 

Oxides of Vanadium 

There are probably four oxides : — 

VjOj Vanadium dioxide. 

V 2 O 3 Vanadium trioxide. 

Va 04 Vanadium tetroxide. 

VjOg Vanadium pentoxide. 

846. Lower Oxides of Vanadium. — Vanadium dioxide is obtained 

by the action of a powerful reducing agent, such as potassium, on the 
higher oxides. It is a black powder. It dissolves in acids, forming 
lavender solutions of hypovanadous salts. 

Vanadous oxide was mistaken for some time for the metal itself. 

Vanadous hydroxide V(OH)a, precipitated from the above, is one of 
the most powerful reducing agents in existence. 

Vanadium trioxide is obtained by reducing the pentoxide in a 
current of hydrogen. It is a black powder, which bums in air like tinder 
to the pentoxide or oxidises at lower temperature to the blue tetroxide. 
Acids do not attack it easily. 
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Vanadium tetroxide V 2 O 4 is mad© by reducing the pentoxide with 
oxalic acid or sulphur dioxide, 

VgOg -f HaCa 04 « Va04 + HaO + SCOg. 

It is readily oxidised to the pentoxide. The oxide is amphoteric, forming 
hypovanadates such as NaaV 409 with alkalis, and vanadyl salts as 
VOCI 2 with acids. These latter can also be made by reducing solutions 
of the pentoxide in acids. 

847. Vanadium Pentoxide VgOg is mad© by strongly oxidising any 
vanadium compound. It is a yellowish-red powder, tasteless, but 
poison oxis, which melts at about 660° C. and is not volatile at a red 
heat. It is sparingly soluble in water (1 : 1,000). 

With strong acids vanadium pentoxide dissolves, forming a colloidal 
solution. With alkalis vanadates analogous to the phosphates are 
formed. Ortho-, meta- and pyrovanadates exist such as 

Na 3 V 04 , NaVOa, NagVaO,. 

Vanadium pentoxide is a rather weak oxidising agent. 

848. Oxysalts of Vanadium. — These are unstable or not formed. No 
carbonate exists. Tliere are, however, sulphates, VSO 4 , V 2 (S 04)3 and 
VOSO 4 . The second forms a scries of vanadium alums. 

849. Chlorides of Vanadium. — ^The following chlorides are known : — 

VClg Green crystals. 

VCI 3 Peach-blossom coloured crystals. 

VCI4 Browix liquid. 

VOCI 2 Blue. 

VOCI3 Yellow liquid. 

The di- and trichloride are very powerful reducing agents, reducing 
copper and silver salts to the metals, bleaching indigo, etc. 

Vanadium tetrachloride VCI 4 , obtained by heating the metal in 
chlorine, is a heavy brown liquid, boiling at 154° C. It is decomposed 
by heat to the trichloride and chlorine. 

Vanadium y^entachloride does not exist, but the metal is pentavalent 
in the oxychloride VOCI 3 a pale yellow liquid boiling at 127° C., pro- 
duced by the action of chlorine on the trioxide. The pentafluoride 
VFj also exists. 

COLUMBIUM Cb or NIOBIUM Nb, 92-91 

850. The Element Columbium. — ^This rare element has been redis- 
covered a nrunber of times since its first discovery in 1801. Rose 
rediscovered it in 1844, and named it Niobium, a name it often bears. 
The element has also been discovered on four other occasions as 
pelopium, dianium, neptunium^ and iVmmium^ all of which turned out 
to be identical with columbium. 

Columbium is always associated with tantalum, which it resembles 
strongly. Both columbite and tantalite, its chief minerals, are mixtures 
of iron and manganese columbates and tantalates. It is separated 
from the mineral by a similar method to that used for tantalum (§ 852). 

The metal is obtained by reducing columbium pentoxide by the 
aluminothermic method. Columbium is a hard white metal much 
resembling tantalum. 

851. Compounds of Columbium. — ^It forms a pentoxide of acid 
character, CbgOj, which forms well marked salts— columbates. The 
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lower chlorides, CbClg, CbClg, are less powerful reducing agents than the 
corresponding vanadium compotmds. A higher chloride, CbClg, is also 
known and much resembles tantalum pentachloride. The element has 
at present no uses. 


TANTALUM Ta, 181-4 

852. Occurrence and Extraction. — ^Tantalum is chiedy found as the 
ore tantalite, ferrous tantalate, possibly Fe 2 Ta 40 i 2 * Tan tali te usually 
contains a variety of other elements, including manganese, titanium, 
columbium, silicon, etc. 

To obtain pure tantalum pentoxide, tantalite may be fused with 
potassium hydrogen sulphate. The mass is extracted with water, and 
iron, manganese, etc., go into solution as sulphates. Tin and tungsten 
are removed from the residue by digestion with ammonium sulphide. 
The residue contains tantalum pentoxide, columbium pentoxide, 
titanium dioxide and silica. These are all dissolved in hydrofluoric 
acid and potassium fluoride added. Potassium tantalifluoride, columbi- 
fluoride, titanifluoride and silicofluoride are all formed, but the first is 
readily separated by crystallisation. 

This may be heated with concentrated sulphuric acid, yielding 
tantalum pentoxide TagOs, 

F02Ta4Oj2 + 4KHSO4 = 2FeS04 -f 2Ta205 -f 2H2O + 2K2SO4 
TagOg + 5H2F2 = 2 TaF 5 + 5 HaO 
2KF 4- TaFj = KgTaF, 

2 K 2 TaF 7 + 4 H 2 SO 4 + SHgO = 4 KHSO 4 + THgFg + 

To obtain metallic tantalum the double fluoride of tantalum and 
potassium, KoTaF,, obtained as above, may be heated in an evacuated 
tube with sodium or potassium. Powdered tantalum is thus obtained, 

KjTaF^ + 6 Na = Ta + 2KF + 5NaF, 

which is compressed and fused in a vacuum electric furnace. 

853. Properties. — ^Tantalum is a whito-groy metal of very high 
melting point, c. 2,800® C. The worked metal is extraordinarily tough 
and hard, and when the surface is slightly oxidised it can hardly be 
attacked with the diamond drill. Tantalum wire was formerly used 
in electric glow-lamps in the same manner as tungsten. 

Its use in filaments for electrical lamps depends on its very high 
melting point, its high resistance and its great strength. The wire used 
is so fine that 46,000 lamps can be made from 1 kilo of tantalum. It 
has been largely superseded for this purpose by tungsten. 

Tantalum is readily oxidised at a red heat, and it bums in oxygen at 
about 600® C. It also bums in chlorine. The red-hot metal decom- 
poses steam. At lower temperatures the metal is very unreactive, for 
neither water nor acids have any effect upon it. It has been used for 
dental and surgical instruments and these do not rust and are also of 
great mechanical strength. 

864. Oxides of Tantalum. — ^One lower oxide exists but the only oxide 
of importance is tantalum pentoxide Ta 205 . 

Tantalum pentoxide TajO^ is found when tantalum bums in air, but 
is usually made as described above in § 852. It is a dense white powder 
infusible at 1,600® C. It is not reduc^ by hydrogen nor is it attacked 
by acids. 
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Tantalum hydroxide (tantalic acid) is prepared by the action of 
tantalum peiitachloride on water, 

TaCls + 5 H 2 O = Ta(OH)6 + 5HC1, 
when dried it has the formula HTaO^. 

Tantalic acid is a white powder, wliich is not attacked by acids but 
which is easily soluble in alkalis, forming tantalatcs, 

855. Chlorides of Tantalum. — ^The lower chlorides, TaClg, TaClg, 
TaCl 4 reducing agents. Tantalum pentachloride, made by the 
action of chlorine on the metal or a mixture of the pentoxide and carbon, 
fonns white ciystals which melt at c. 210° C. and boil at 242° C. It 
hisses when dropped into water, forming tantalic acid. 

Tantalum does not form any oxy-salts except a doubtful sulphate. 

l»KOTOACTINIUM l>a, 231 

This element is discussed witli the other radio-active elements in 
Chapter XXVI. Its ])roperties are still under investigation, some 
0*5 gm. having been prepared from radium residues. It n^sembles 
tantalum oxcoj)t in so far that its pentoxide is basic in character, not 
acidic like that of the latter metal. It should be nottnl that this is to 
be expected in view of the fact that thorium is more basic than hafnium 
and uranium than tungsten (v, also § 1270). 



CHAPTER XIX 


OXYGEN AND OZONE 

866. History. — The discovery of oxygen represents one of the 
fundamental advances in the knowledge of chemistry. It was for a 
great many years supposed that air was an element or at least a 
simple substance. The researches of Boyle and Hooke, in the 
seventeenth century, proved that a part of the air was concerned 
in respiration and combustion. Hooke and Mayow, in the seven- 
teenth century, came near the truth when they assumed that air 
contained a substance which was responsible for combustion, the 
calcination of metals and respiration. This substance they correctly 
supposed to be present in saltpetre, and Mayow termed it spiritus 
nitro-aereus. If he had isolated the gas he would be called the 
discoverer of oxygen. His early death and the development of 
the phlogiston theory caused his researches to be neglected and the 
next step was the discovery of oxygen itself by Scheele (in 1771- 
1773). Priestley, in 1774, discovered the gas independently and 
named it dcphlogisticated air.’’ Priestley heated mercuric oxide, 
confined over water, by means of a burning-glass. Both Scheele 
and Priestley recognised that the gas was contained in the air, but 
were so possessed by the doctrine of phlogiston that the real impor- 
tance of the discovery escaped them. 

It remained for Lavoisier to demonstrate the real importance of 
oxygen and to show, what Priestley and Scheele did not realise, 
that combustion, calcination of metals, and respiration, were processes 
of combination with oxygen. 

Lavoisier, in 1772, hit on the essential fact that when metals and 
some other substances underwent combustion or calcination their 
weight increased as a result of combination with air. He was 
evidently not clear as to what part of the air was concerned in this 
process until he heard of Priestley’s discovery, which opened his eyes 
to the true state of affairs. ,^ Regrettably, Lavoisier made no satis- 
factory acknowledgment of what he owed to Priestley, but rather 
attempted to imply that he had discovered the gas himself inde- 
pendently of Priestley. None the less, Lavoisier deserves the fullest 
credit for his brilliant investigation of the true nature and proper- 
ties of the gas. Of his many experiments on the relationship of 
oxygen and air, the most famous and convincing is described below. 

Lavoisier placed some mercury in a retort with a long neck, bent 
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so as to pass under the surface of mercury contained in a trough and 
to rise up into the air confined in a bell jar over this mercury 
(Fig. 154). At the beginning of the experiment the mercury level 
was marked and the mercury was then heated by a charcoal furnace 
to a little below its boiling point. He saw that after some days red 
particles collected on the surface, and after some time ceased to 
increase in quantity. He then let the fire out and ascertained that, 
making due allowance for changes of pressure, about a sixth of the 
air had disappeared. The remaining air supported neither com- 
bustion nor life. Lavoisier termed this gas (nitrogen) ‘ azote.* He 
collected the red solid which had formed in the retort and heated it. 
He obtained from it just as much oxygen as the air had lost, and on 
mixing this oxygen with azote, air was reproduced which behaved 



Fro 154. — Lavoisier’s experi ment. 

in every way like atmospheric air. This experiment showed con- 
clusively that air was a mixture of oxygen and azote or nitrogen. 

857 . Occurrence. — Oxygen is the most widely distributed and the 
commonest of elements. Not only does it form about one fifth of 
the air and eight-ninths of water by weight, but it also forms a large 
part of nearly all rocks. Thus calcium carbonate (chalk, limestone, 
etc.) contains 48 per cent., and silica (flint, quartz), 53*7 per cent, of 
oxygen by weight 

The practical constancy of the proportion of oxygen in the air will 
be understood from a study of the carbon dioxide cycle (§ 561). 

858 . Preparation and Manufacture of Oxygen. — Oxygen is pre- 
pared either by separation from the atmosphere or by decomposi- 
tion of oxygen-containing compounds, notably oxides and oxy-salts. 

859 . Oxygen from the Atmosphere. — The air is the most obvious 
and cheapest source of oxygen and numerous methods of obtaining 
oxygen from it have been devised. These include the onlv oommar- 
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cial method of preparation, t.e., the fractional evaporation of liquid 
air, and various methods based on the absorption of oxygen by a 
substance and the subsequent decomposition of the compound 
formed. 

The air liquefaction process is fully described under the heading 
of nitrogen (pp. 496-497). It yields very pure oxygen, containing 
only a trace of nitrogen as impurity. 

Brings process, now obsolete, was conducted by causing air to combine 
with heated barium oxide, forming barium peroxide according to the 
equation 

2BaO -f Ojj ^ 2BaOa. 

It follows from the fact that the formation of barium peroxide is 
accompanied by a large decrease of total volume that an increase of 
oxygon pressure will cause the equilibrium to shift so that the peroxide 
is formed, wliile a decrease of pressure will cause the peroxide to be 
decomposed. Barium oxide was heated to 700° C., and fost exposed to 
air at 10 lb. sq. inch pressure. The pressure was after seven minutes 
decreased to 4 inches of mercury and the oxygen previously absorbed 
was once more evolved. 

Calcium plumbate, obtained by heating lead oxide with chalk, has 
been used in the same way as bariiim oxide. It reacts with oxygen of 
the air, 

2CaPb08 ^ 2CaO -f 2PbO + O,. 

Lavoisier’s famous experiment (§ 856) provides a method — historically 
of interest, but of no piactical importance— -of obtaining oxygen from 
the air by the reaction 

2HgO 2Hg + O*. 

860. Oxygen from Oxides. — (1) The majority of oxides are not 
decomposed by heat. The basic oxides of the more ‘ noble ’ metals, 
including the platinum metals, gold, silver and mercury, are, 
however, decomposed in this way, 

2Ag20 = 4Ag + 0,. 

These methods are not practically important. Most higher oxides 
and peroxides are decomposed in this way. Thus manganese 
dioxide, lead dioxide, red lead, chromium trioxide, and the peroxides 
of all metals except the alkali metals are decomposed by heat to 
lower oxides and oxygen. The preparation of oxygen by heating 
manganese dioxide to a strong red heat was at one time com- 
mercially exploited. The other oxides are decomposed at lower 
temperatures. 

3Mn02 *= Mn 304 + Og 
2Pb02 =2Pb0 + 02 
2Pb804 = 6PbO + Oa 
4Cr08 = 2Cr808 + 30* 

2Zn0i » 2ZnO + Og. 



592 


OXYGEN AND OZONE 


Hydrogen peroxide is readily decomposed by heat, but its oxygen 
is more satisfactorily utilised by its reaction with potassium 
permanganate (p. 594). 

(2) Water may be decomposed by electrolysis (§ 181). The pro- 
cess is occasionally used commercially. In the laboratory the 
method is used where very pure oxygen is required. The electrolysis 
of barium or sodium hydroxide solution yields a purer gas than the 
electrolysis of dilute sulphuric acid. The process is illustrated in 
Fig. 155. In this form of apparatus barium hydroxide solution 
is electrolysed, using nickel sheet electrodes. Very pure oxygen 

for the determination of the atomic 
weights of hydrogen w^as prepared by 
Noyes in a similar manner and then 
further purified. His method is described 
on p. 72. 

(3) The peroxides of alkali metals 
may be decomposed by the action of 
water. If water be allowed to drop 
on solid sodium peroxide, oxygen is 
steadily evolved, 

2Na202 + 2 H 2 O = 4NaOH + Og,. 

Sodium peroxide made into cubes with 
a little copper sulphate (which acts cata- 
lytically) is sold for tliis purpose. 

(4) Certain higher oxides are decom- 
posed by acids, yielding salts of lower 
oxides and free oxygen. Thus man- 
ganese dioxide, lead dioxide, chromium 

trioxide, when heated with sulphuric acid, yield oxygen, 

2Mn02 + 2H2SO4 = 2MnS04 + 2HaO + O2 

4003 + 6H2SO4 == 202(804)3 + 6H2O + 3O2. 

861* Oxygen from Oxy-salts. — ^Many oxy-salts, such as chlorates, 
permanganates, nitrates, decompose when heated. Of these 
potassium chlorate is by far the most convenient. 

(5) Oxygen is usually prepared in the laboratory by the action of 
heat on potassium chlorate. The pure salt melts when heated and 
gives off oxygen rapidly at 370®~380® C. At this temperature two 
reactions take place, 

(1) 2KCIO3 = 2Ka + 30,. 

(2) 4KC10, « KCl + 3 KCIO 4 . 



Fig. 166. — Preparation of 
oxygen by electrolysis. 
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Abo\re 400® C. the perchlorate formed in the second reaction also 
decomposes, 

(3) KCIO4 = KCl + 2O2, 

the final products of strong heating being potassium chloride and 
oxygen. 

The reaction requires rather too high a temperature for conveni- 
ence, and consequently it is usual to mix manganese dioxide to the 
end that the reaction may take place at a lower temperature and 
more smoothly than is the case with the chlorate alone. 

Tiie exact mode of action of the manganese dioxide is still in doubt, 
but the theory of Macleod seems the most probable. He supposes that 
potassium permanganate is alternately formed and decomposed accord- 
ing to the equation 

(a) 2Mn02 + 2KCIO3 = 2KMn04 + Clj + 0„ 

(b) 2KMn04 = K2Mn04 + MnOg + O*, 

(c) K2Mn04 + Clj = 2KC1 + MnOg + Og. 

This theory explains the facts that a trace of chlorine is found in 



Fio. 166. — Preparation of oxygen from potassium chlorate. 


the gas, and that the residual chloride is distinctly pink, this colour 
being attributed to permanganate. 

It has been supposed that a higher oxide of manganese is alternately 
formed and decomposed. 

(a) 2Mn02 + KCIO, = Mn^O, + KCl. 

(b) 2Mnj07 = 4MnO, -f 30 j. 

A third theory supposes that the action of the dioxide is to provide 
nuclei from which the oxygen, held in supersaturated solution by the 
chlorate, may be evolved. This latter theory fails to explain the specific 
effect of metallic oxides as distinguished from other powders. 

It is of interest that nickel oxide and ferric oxide are as efficient as 
manganese dioxide. 

The apparatus used is shown in the figure. 

The gas obtained may contain carbon dioxide, moisture and 
chlorine, the first being derived from impurities in the manganese 
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dioxide. They may be removed by passing the gas first through a 
soda-lime tube, then through sulphuric acid. 

(6) Potassium nitrate yields oxygen when heated to a low red 
heat and leaves a residue of nitrite. The temperature is too high 
for the use of soft glass vessels. 

2KNO3 = 2KNO2 + O2. 

Potassium dichromato is decomposed only at a white heat, but 
potassium permanganate decomposes at 240® C., giving the manganate, 
manganese dioxide and oxygen, 

2KMn04 = K2Mn04 -f MnOj + O*. 

(7) Potassium permanganate and hydrogen peroxide react in 
presence of sulphuric acid, forming oxygen, manganous sulphate, 
potassium sulphate and water. The acidified permanganate may 
be allowed to drop from a tap-funnel into 10-volume peroxide 
solution. The gas so obtained is very nearly pure. 

6H2O2 + 2KMn04 + 4H2SO4 == 2KHSO4 + 2MnS04 + 8H2O+5O2. 

Potassium dichromate (§ 995) may replace the permanganate. 
Many other oxidising agents react with hydrogen peroxide in a 
similar way (p. 248). 

(8) The action of concentrated sulphuric acid on certain oxysalts 
yields oxygen. The permanganates react with explosive violence, 
owing to the formation of the xmstable oxide lVIn207, but the dichro- 
mates give a steady stream of gas, 

2K2Cra07 + IOH2SO4 = 4KHSO4 + 2^2(804)3 + Sllfi + SO*. 

(9) Bleaching powder solution readily decomposes in presence of 
a cobalt salt, yielding oxygen, 

2CaOCl2 = 2CaCl2 + Og. 

The mechanism of the catalytic action of the cobalt is discussed 
on p. 120. 

(10) Green plants decompose carbon dioxide under the action of 
light, building up starch and liberating oxygen. The presence of the 
green pigment chlorophyll is necessary. The process is symbolised 
as 

6CO2 + 5H2O = CeHioOg + 6O2. 

Doubtless the reaction takes place in several stages. The process 
transforms the carbon dioxide exhaled by animals and evolved by 
combustion back to oxygen and so keeps the composition of the air 
approximately constant. Colourless plants, such as fungi, if these 
may be called plants, and certain parasitic plants, such as dodder, 
are unable to build up food in this way, but must take it ready-made 
from decaying organic matter or a living host« 
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862. Formula and Atomic Weight ol Oxygen. — The atomic weight 
of oxygen is taken as the chemical standard, 16*000. 

The physical standard is the atomic weight of the isotope 
taken as 16*000. Traces of isotopes and are contained in 
the gas, and this occasions a difference of about one part in ten 
.thousand between these standards (§ 67). 

Compounds of the isotope are now becoming available, e.gr., 

That the formula of oxygen is O2 is shown by the fact tnat one 
volume of oxygen gives two volumes of steam, carbon monoxide, or 
nitric oxide. One molecule of oxygen therefore yields two molecules 
of these gases and must contain at hast two atoms. That it does not 
contain more than two atoms is shown by the fact that one volume 
of oxygen never produces more than two volumes of a gaseous 
oxide. The density of the gas and the ratio of its specific heats, 
= 1*4 at 15° C., afford additional evidence. 

Physical Properties . — Gaseous oxygen is a colourless gas without 
taste or smell. The physiological importance of the gas is discussed 
under its chemical properties below. 

Oxygen may be liquefied by the methods indicated on p. 497, 
to a very pale blue liquid, boiling at —183° C. under atmospheric 
pressure. By cooling with liquid hydrogen this may be solidified 
to a bluish-white solid, melting at —219° C. Liquid oxygen is per- 
ceptibly magnetic. Gaseous oxygen has a density of 15*87 (H2=l). 
It is therefore somewhat heavier than air. 

Oxygen is sparingly soluble in water, about 3 volumes of the gas 
dissolving in 100 of water at 20° C. This solubility, though slight, 
is of high importance, for it is the presence of this free oxygen in 
water that enables fishes, etc., to respire. Oxygen dissolves in 
molten silver (§ 302). 

868. Chemical Properties. — Oxygen is slightly dissociated when 
heated to very high temperatures. 

When subjected to the silent electric discharge it forms ozone, 
O3 (§ 875). 

Oxygen combines directly with all the elements except the inert 
gases, the halogens, silver, gold and some of the platinum metals. 
One or more of the oxides are in every case formed : 

2Cu + 02 = 2CuO + 37*7 Cals. 

S + O2 == SO2 + 69*3 Cals. 

4P + 5O2 = P4O10 + 730*6 Cals. 

In some cases the combination is accompanied by comhustion and the 
element bums in oxygen. This takes place when the heat of com- 
bination evolved is sufficiently great and sufficiently rapidly pro- 
duced to keep the element at a temperature at which its combina- 
tion with oxygen can continue. Thus copper will not burn in 

Q 2 
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oxygen although it is oxidised, for the reaction with the gas is slow 
and evolves comparatively little heat. In general, the elements burn 
most readily in oxygen when their heat of combustion is great (c.gr., 
sodium, magnesium) ; when they expose a large surface (charcoal, 
finely divided iron, ‘ pyrophoric * lead, etc.), or are gaseous or 
volatile (sulphur, hydrogen, etc.). The elements which combine 
with oxygen but do not bum in it have either a small or negative 
heat of reaction (nitrogen, mercury) or are non-volatile, exposing a 
small surface (diamond, graphite), or become coated with an 
impervious layer of oxide (nickel, chromium). 

The subject of combustion has been dealt with in Chapter XV. 
The chemical character of the oxides produced is discussed on 
pp. 599-600. 

A few substances — elements or compounds — ^react with oxygen 
in the cold. Among these we may note white phosphorus, which 
reacts with the gas, forming the trioxide, 

4P + 3 O 2 = 2P203» 

moist ferrous hydroxide which forms the ferric compound, ' 

2Fe(OH)2 + H^O + O - 2Fq(OH)3, 

and nitric oxide which forms the brown gas, nitrogen peroxide, 

2 NO + 02 = 2NO2. 

Manganous hydroxide (§ 1110), hydrogen sulphide, ammonium 
sulphide, and among less important compounds, phosphine, thio- 
phosphoryl fluoride PSF3, chromous and titanous salts, and certain 
organic compounds (c.^., benzaldehyde, indigo white) also react in 
the cold with oxygen. 

Sodium pyrogallate very readily absorbs free oxygen, forming 
dark-coloured oxidation products. 

> Many compounds react with oxygen when heated in it. In 
general, any substance will bum in oxygen if all the elements 
contained in it will do the same (c.gr., PHg, CSg, SiH4, P4S3) and 
a great many other substances bum in oxygen which do not fulfil 
these conditions. Mixtures of combustible gases and oxygen 
explode when heated if the proportions of the gases are within 
certain limits. 

The reactions of particular elements and compounds with oxygen 
are discussed under their respective headings. 

864. Oxygen and Respiration. — The energy which the bodies of all 
organisms require to enable them to move and perform muscular 
work is applied by the oxidation of certain compounds. The 
oxygen required for this purpose is supplied by the process of 
respiration. In the simplest animals mere external contact with 
free oxygen, usually dissolved in water, gives a sufficient supply, but 
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larger creatures with a greater ratio of volume to surface require a 
more complex system of supply. Respiration consists of the 
transfer of oxygen from the air to the part of the body where it is 
required. In the higher animals this is accomplished by the 
circulation of blood, first through the lungs or gills, and then through 
the tissues. The lung of a man is a complex structure somewhat 
like an irregular honeycomb, the cells of which are filled with air, 
while their walls are a close network of minute blood vessels sepa- 
rated from the air by an exceedingly delicate membrane. Through 
these capillaries pass some 5 to 25 litres of blood every minute, 
while the lungs hold some 3 litres of air which is continuously being 
changed by the jDrocess of breathing. The rate of breathing is 
delicately regulated by the carbon ^oxide content of the blood. 



Fig. 157. — Oxygen and respiration. 


acting on the respiratory nervous centre in the brain. Thus 
exercise requires oxidation to provide its energy : carbon dioxide is 
produced in greater quantity ; the blood becomes slightly more 
acidic ; and the respiratory centre responds by,, causing deep 
breathing which changes the air in the lung more often, and so 
w^ashes out the carbon dioxide from the blood. The blood regulates 
the rate of breathing by its carbon dioxide content, not by its oxygen 
content. Hence the rate of breathing will not adjust itself to an 
atmosphere containing very little oxygen or very much oxygen. 
The first causes blueness of the skin, weakness, and finally death, 
while the latter causes high temperatures and finally also death. 
If the lung is defective, as in pneumonia, a higher concentration 
of oxygen (c. 50 per cent.) is valuable, but pure oxygen is always 
poisonous. For the normal lung one cannot improve on natural air, 
to the use of which our bodies have adapted themselves for tens of 
millions of years. The exact means by which the oxygen passes 
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through the capillary wall is not certain, but is probably a process 
of diffusion. 

The blood consists of a clear plasma containing various proteins 
in which float red corpuscles containing hmmoglobiny a complex 
organic compound containing iron, etc. Its structural formula is 
not known, though a general idea of its constitution has been gained. 
Haemoglobin forms a loose compound with oxygen, oxy-haemoglobin. 
This compound is bright red and is carried from the lungs to all 
parts of the body. Every tissue in the body requires oxygen in 
quantity varying from 3 to 10 milligrams per gram of tissue per 
minute. In these tissues, accordingly, there is only a small concen- 
tration of oxygen, and the oxy -haemoglobin decomposes, liberating 
oxygen, and retuniing as haemoglobin to the lungs via the veins. 
The use of the oxygen to the body is to oxidise various carbon 
compounds to carbon dioxide, thereby providing the energy needed 
for warming the body and doing muscular and chemical work. The 
carbon dioxide dissolves in the plasma of the blood, and so returns 
to the lungs, where it is evolved. 

The diagram (Fig. 157) gives some idea of the process. 

864a. Atomic Oxygen O is produced to the extent of about 20 per cent, 
when oxygen is subjected to an electric discharge (0’25 ampere, 4,000 
volts) at a pressure of about 1 mm. It reacts with hydrogen forming 
water. It oxidises carbon monoxide and methane. Methyl alcohol, 
benzene, acetylene and cyanogen are also oxidised by it to water and 
oxides of carbon, a bright glow being produced. 

Halogen hydrides (except HjFg) and ammonia are also oxidised, 
and even the very stable carbon tetrachloride is oxidised to carbonyl 
chloride and chlorine. 

865. Uses of Oxygen. — Oxygen is used in medical practice for 
administration to persons suffering from difficulties in respiration, as 
in lung affections such as pneumonia. A mixture of equal parts of 
oxygen and air is the most suitable. It is also used mixed with 
carbon dioxide in artificial respiration ; and it is mixed with nitrous 
oxide or ethylene when these gases are administered as anaesthetics. 

Oxygen is much used in the oxyacetylene blow-pipe. If an excess 
of acetylene is used a flame intensely hot and yet not oxidising in 
character is obtained, which is peculiarly suitable for welding. 
Iron and steel are cut by heating the metal till it begins to bum and 
directing a jet of oxygen on to the heated spot. The metal bums 
brilliantly and melts like wax at the spot heated. In this way 
very thick steel plates may be easily cut. 

The oxyhydrogen flame has been used in the limelight (§ 357), 
and furnaces blown with a mixture of oxygen and air are very 
convenient for high-temperature laboratory work. 

866. Detection and Estimation. — ^Free oxygen, if more than about 
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30 per cent, be present in the mixture tested, relights a feebly glow- 
ing splinter. Nitrous oxide relights a strongly glowing splinter, but 
is easily distinguished from oxygen by any of the other tests. 

Oxygen is completely absorbed by potassium pyrogallate solu- 
tion or by phosphorus standing over water, and it is estimated by 
absorption with the former reagent in some form of gas apparatus. 
The estimation of oxygen in air is carried out by this method 
(§ 685). 

OXIDES 

867. Types of Oxide. — The compounds of oxygen with the ele- 
ments are of great importance and fall into certain well-marked 
types. 

They are ordinarily classified under six headings, namely : — 

(i.) Neutral oxides. 

(ii.) Acidic oxides. 

(iii.) Basic oxides. 

(iv.) Amphoteric oxides. 

(v.) Peroxides. 

(vi.) Compound oxides. 

868. (i.) Neutral oxides are those which combine neither with 
acids nor with bases to form salts. They include water, carbon 
monoxide, nitrous and nitric oxides. There is little to be said con- 
cerning their common properties. 

869. (ii.) Acidic oxides are those which combine with bases to 
form salts. We may take carbon dioxide as an example, e.gr., 

Ca(OH)2 + CO 2 = CaCOa + HgO. 

If soluble in water they combine with it, forming an acid. Thus 
sulphur trioxide and water give sulphuric acid, 

SO3 + H2O = H2SO4. 

It is not usual to include under this heading the amphoteric oxides 
which possess the properties both of acidic and of basic oxides. 
Among the acidic oxides we may note boron trioxide, carbon 
dioxide, silica, stannic oxide, titanium dioxide, nitrogen trioxide, 
and pentoxide, phosphorus trioxide and pentoxide, the pentoxides of 
arsenic and antimony, the oxides of sulphur, selenium and tellurium, 
chromium trioxide, manganese heptoxide, and the oxides of the 
halogens. From this list it will appear that the oxides of the non- 
metals are usually acidic in character. 

870. (iii.) Basic oxides are those which combine with acids to 
form salts and water. If they dissolve in water they form a soluble 
hydroxide or alkali, e.g., 

NajjO + H 2 O == 2NaOH. 
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If we exclude amphoteric oxides we may note among the most 
important basic oxides the following. The lower oxides of the alkali 
metals and of the alkaline earths, cuprous and cupric oxides, silver, 
gold, iron, nickel and cobalt oxides. 

Basic oxides are always oxides of metals, never of non-metals or 
metalloids.^ 

871. (iv.) Amphoteric oxides have to some extent the properties of 
both acidic oxides and basic oxides. Thus aluminium oxide forms, 
with acids, aluminium salts, 

AI2O3 + 6HC1 = 2AICI3 + 3H2O, 
but with alkalis, aluminates, 

2KOH + AI2O3 = 2KAIO2 + H2O. 

Amphoteric oxides are not, as a rule, equally strongly basic and 
acidic. Thus antimony trioxide is predominantly acidic, while zinc 
oxide is predominantly basic. The amphoteric oxides include the 
oxides of zinc, aluminium, zirconium, stannous oxide, lead monoxide, 
the trioxides of arsenic, antimony and bismuth, manganese and 
chromium sesquioxides. 

872. (v.) Peroxides, when treated with dilute acids, yield hydrogen 
peroxide, 

Ba02 + 2HC1 = BaClg + 

The peroxides of the alkali metals, alkaline earths and zinc are 
the most stable, but most metals form a peroxide. 

They are probably salts of hydrogen peroxide, of structures such as 

Na-»'[0 - 0]^Na+ Ba++[0 - O]- 

The name of peroxide is incorrectly applied to such oxides as 
PbOg and MnOg, which are basic or amphoteric oxides with unstable 
salts. They react with acids with difficulty and produce the salt 
of a lower oxide together with oxygen (or chlorine if hydrochloric 
acid is used). They do not yield hydrogen peroxide, 

2Pb02 + 2H2SO4 = 2PbS04 + 2H2O + O2. 

MnOg + 4HC1 = MnClg + Clg + 2H2O. 

They have probably no oxygen chain, and have formulae, 

0 = Pb = 0, O = Mn == 0. 

873. (vi.) Compound oxides behave like a compound of two 
oxides, though they may not actually be so. Thus triferrio 
tetroxide Fe304 behaves like a compound of ferrous and ferric 
oxides FeO . FcgOg, and forms ferrous and ferric salts with acids, 

Fefi, + 8HC1 = FeClg + 2FeCls + 4HaO. 

^ GeO ie perhaps an exception. 
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Under this heading come triferric tetroxide, Fe304, red lead, Pb304, 
brown oxide of manganese, Mn304, and possibly the ‘ mixed 
anhydrides,* nitrogen peroxide and phosphorus tetroxide, which 
behave in some respects as if they were compounds N2O3.N2O5, 
1^2^3*^205. 

The following table may be found useful. The rarest elements 
are excluded : — 


Elements which form 
an Acidic Oxide but 
no Ainx>h{)teric or 
Basic Oxide. 

Elements which form an 
Acidic Oxide as well aa 
an Oxide of Basic or 
Amphoteric Type. 

Elements which form an 
Amphoteric Oxide but 
not an Acidic Oxide. 

Elements which form 
Basic Oxides but no 
Amphoteric or Acidic 
Oxides. 

Chlorine. 

Titanium. 

Tin. 

Iron. 

Bromine. 

Arsenic. 

Load. 

Cobalt. 

Iodine. 

Antimony. 

Aluminium. 

Nickel. 

Sulphur. 

Bismuth. 

Cold. 

Platinum. 

Seleniiun. 

Chromium. 

Zinc. 

Thorium. 

Tellurium. 

Molybdenum. 

Tungsten. 

Manganese. 

Uranium. 

Cadmium. 

Nitrogen. 

Phosphorus. 

Carbon. 

Silicon. 

Boron. 

Zirconium. 

Mercury. 

Copper. 

Silver. 

The alkaline 
earth metals. 
The alkali 
metals. 


OZONE 

874 . Historical. — ^The smell associated with an electrical discharge 
was noticed by Van Marum in 1785, and in 1840 Schonbein attri- 
buted this to a new gas, ozone (Greek ofa>, ozo^ I smell). The 
formula O3 was established by Soret in 1866. 

876 . Preparation. — Ozone is formed from oxygen with consider- 
able absorption of energy, 

302^ 203- 69 Cal. 

It should therefore be formed in large quantities at extremely high 
temperatures above 3,000® C. There is evidence that this is the case, 
but it is clear that unless the heated oxygen were instantly removed 
from the sphere of reaction and cooled, all the ozone formed would 
decompose once more during cooling. 

Actually, ozone is usually made by the action of the silent 
electrical discharge on air or oxygen. Sparking should not occur, 
for the heat so produced decomposes most of the ozone. The 
apparatus illustrated is of two types. Both patterns cause oxygen 
to flow between two or more surfaces kept charged to an extent 
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which does not cause sparking. The simple type (Fig. 158) may 
be conveniently used for demonstration. The type shown in Fig. 1 69 
is used on the large scale. The discharge takes place between 
pieces of metal gauze protected by glass plates from the action of 
the ozone. The electrical discharge method is always employed on 
the commercial scale. 

Ozone may be prepared by various chemical methods, which 
involve the liberation of oxygen together vdth much energy. The 
best of these is the electrolysis of ice-cold dilute sulphuric acid, 
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Fig. 158. 


using an anode of platinum foil so embedded in glass that only the 
edge is exposed. In this way a very high concentration of energy 
occurs at the anode and some 20 per cent, of ozone occurs in the 



Fia. 169. — Ozoniser. Industrial type. 


gas liberated. When fluorine decomposes water the oxygen produced 
contains up to 14*4 per cent, of ozone. The reaction of csBsium 
tetroxide and carbon dioxide liberates much ozone. 

Pure ozone has been obtained by cooling ozonised oxygen with 
liquid air, when ozone, which boils at — 112*4® C., condenses as a 
very dark blue, highly explosive liquid. By allowing this to evapo- 
rate pure ozone is obtained, which, however, soon begins to 
decompose. 

876. Formula of Ozone. — Since pure ozone could not for many 
years be prepared, and in any event cannot be preserved for any 
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appreciable time, peculiar difficulties were found in determining its 
formula. 

Ozonised oxygen on heating yielded nothing but oxygen, and the 
formula of ozone was thereby shown to be 

The problem has been solved by making use of the fact that 
turpentine absorbs ozone completely. Air is enclosed in the space 
between the inner and outer tubes of the apparatus shown. The 
inner tube is filled with a conducting Uquid (e.gf., dilute sulphuric 
acid). A small sealed tube containing turpentine is gripped 
between projections on the inner tube and on the outer tube. 
The whole apparatus is then stood in a vessel containing dilute 



sulphuric acid. Into this vessel and into the inner tube dip wires 
connected to an induction coil. The silent discharge passes through 
the air and ozonises a part of it. A contraction takes place and 
the sulphuric acid in the U-tube rises, say, by n cm. The tube of 
turpentine is now broken and a further rise of m cm. occurs, due 
to the absorption of the ozone. Thus a contraction of n volumes 
occurs when a certain amount of ozone is formed and the volume of 
the ozone formed is m cm. Now it is found that m is always twice n. 
Ozone is formed from pure oxygen alone and its formula must be 
Then, when it is formed we have the equation, 

20jg == 

and 2 volumes of ozone are formed from x volumes of oxygen. The 
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contraction in volume when 2 volumes of ozone are formed is a: — 2 
volumes, and so in the above experiment, 

n X — 2 
w ~ 2 * 

By experiment ~ == ^ and a; = 3. 
m Z 

The formula of ozone is therefore O3. 

877. Physical Properties. — Ozone is a gas perceptibly blue in high 
concentrations. Liquid ozone is very dark blue in colour. Ozone 
has a remarkable smell, not unlike chlorine, and is poisonous in 
concentrations, exceeding some 20 parts per million. It has a 
powerful oxidising action upon the organic substances which cause 
the ‘ stuffy ’ smell in badly ventilated places, and it is used in the 
ventilation of the Central London Tube railw ay. 

Liquid ozone is strongly magnetic. It is only partly miscible 
with liquid oxygen. 

Ozone is soluble in water, but the solution is very unstable. 

878. Chemical Properties. — Ozone very readily decomposes, 
forming oxygen, 

2O3 = 3O2 + 69 Cal. 

It decomposes almost instantaneously at high temperatures and 
slowly at room temperatures. 

Ozone is one of the most powerful of oxidising agents. Its usual 
reaction is 

O3 + X = O2 + xo, 

one atom of oxygen combining chemically and one molecule being 
liberated. 

All metals, except gold and platinum, are oxidised. Hydrogen 
sulphide is oxidised to sulphuric acid, 

H2S + 4O3 = H2SO4 + 4O2. 

Potassium iodide is oxidised to iodine, 

2KI + H2O + 03 = 2KOH + O2 + la- 
Lead sulphide is oxidised to the sulphate, 

PbS + 4 O 3 = PbS04 + 4 O 2 . 

Nitrogen tetroxide is oxidised to the pentoxide, 

Oa H“ ^2^4 ~ N 2 O 5 + Oa* 

Many organic substances are oxidised. India-rubber is at once 
attacked, as is also cellulose. 
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Unsaturated organic compounds absorb ozone completely, forming 
ozonides. Thus benzene, 


o. cif 

HC CH— *0 


CH 

CH CH . ^ 

I H forftis « I I o 

CH ch”"""""'' HC CH_2 
CH O CH 


K/ 


These ozonides are for the most part explosive substances. The 
main constituent of turpentine, pinene, contains a double bond and 
forms an ozonide. 



Pinone + ozone. 



Pinono ozonide. 


Turpentine, therefore, absorbs ozone completely, and this property 
is made use of in the determination of the quantity of the gas 
present in a specimen of ozonised air. 

879. Detection of Ozone. — Ozone may be detected by its action on 
mercury. Ozone oxidises mercury, and a trace of ozone causes 
mercury to stick to glass and to become dull in appearance. 

Most of its reactions, such as that with potassium iodide, are 
given by other oxidising agents. If a gas is found to liberate iodine 
from potassium iodide in the cold, but will not do so after passing 
through a heated tube, ozone or hydrogen peroxide vapour is the 
oxidising agent present. To distinguish between these the gas may 
be passed through very dilute permanganate solution, which 
decomposes hydrogen peroxide (p. 248), but not ozone. 

Ozone is estimated by passing it into potassium iodide solution 
and titrating the iodine liberated. 

880. Commercial Applications. — ^Ventilation, as described above, 
IS one of the chief uses of ozone. It has also been used for sterilising 
water, and as a powerful bleaching agent for wax and certain other 
materials. 
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881. Historical. — The element sulphur has been known from very 
early times. It was known to the Egyptians ; it is mentioned by 
Homer and has since then been a material in common use. 

The Greeks and Romans used sulphur for fumigation, and the 
fumes of burning sulphur were used to whiten clothes. In the 
Middle Ages it was used medically, and the invention of gunpowder 
again increased the demand for it. The sulphuric acid industry 
to-day uses vast quantities of sulphur, and the quantity used 
annually exceeds 2,000,000 tons, of which the United States 
produces some 1,800,000. 

882. Occurrence. — Sulphur is found in the free state in various 
parts of the world. It is usually found in volcanic districts, and the 


AIR 



Fig. 161. — Gill’s regenerative furnace for extraction of sulphur 
from its ores. 

sulphur mined in Italy and Japan is of volcanic origin. The 
greatest source of sulphur is, however, the peculiar deposits of 
sulphur which are found in Louisiana and Texas. These are further 
described below. 

Sulphur occurs combined in the form of sulphides ; iron pyrites, 
copper pyrites, zinc blende, etc., being common minerals containing 
a high percentage of sulphur. 

Sulphates, too, are common minerals ; gjrpsum, calcium sulphate, 
may be mentioned as an example of these. 

006 
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883. Manufacture of Sulphur . — Sicilian Sulphur . — Sulphur occurs 
in Sicily in a peculiar formation, consisting of gy^Dsum, clay and sul- 
phur, the latter amounting 
to some 24 per cent. The 
sulphur is believed to result 
from the reduction of the 
gypsum by organic matter 
to calcium sulphide and 
the subsequent oxidation of 
the latter. The sulphur is 
obtained from the rock by 
heating it. The sulphur 
melts and flows out of the 
rock. Since fuel is expen- 
sive in Sicily, the cheapest 
method of heating the rock Fia. 162. — Distillation of sulphur, 
is to bum a part of it. In 

order to make the working economical it is endeavoured to burn as 
little sulphur as possible, and the Gill regenerative furnace is used 




Fia. 163. — American sulphur deposits worked by the Frasch process. 

to ensure this (Fig. 161). It consists of a series of chambers with 
domed roofs. Air enters a chamber in which the sulphur has been 
melted out of the rock and so takes up some of the heat of the 
residue of rock. It passes to the next chamber, where some sulphur is 
burning. This sulphur melts out the remaining sulphur in this kiln. 
The hot gases then pass through several other kilns and heat up their 
charges. In this way little heat is wasted. The crude s\ilphur thus 
obtained contains from 2 to 10 per cent, of impurity and can be used 
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in this state for many purposes, as for sulphuric acid manufacture, 
horticulture, etc., but for certain purposes (gunpowder manufacture, 
medicine) it has to be refined. This process is performed by dis^ 
tilling the crude sulphur. Fig. 162 shows the type of plant 
employed for the purpose. R is a retort of fireclay, heated from 
beneath. P is a reservoir of crude sulphur (kept liquid by the 
waste heat from the same fire) from w^hich the retort is refilled as 
the sulphur is used up. The sulphur vapour passes into the brick 
chamber C. At first it condenses as ‘ flowers of sulphur,’ but as 

the chamber heats up, it con- 


denses as a liquid, which from 
ly' ▼ ^ time to time is run into moulds. 

J : i: American Sulphur , — ^The de- 

H 9 o posits in which sulphur occurs 

T M ?•'; Louisiana and Texas are 

p: L A 'j ! peculiar in character. The sul- 
p I R ^ phur bed is overlaid by some 

I s 400 feet of clay and quicksands 

ft «- id rv- and about 90 feet of limestone, 

t u 1 1 ‘ ^ f sulphur bed is on the 

average 125 feet deep and is 
^ rich in sulphur (about 60 

P^r cent.). It was found 
impossible to mine this sulphur 
6^'^ by the usual methods, for the 

presence of great quantities of 
water rendered the sinking of a 
^ shaft difiicult ; and even when 

Fig. 164.— Frasch sulphur pump. ^bis had been done satisfactorily 

the poisonous gases, hydrogen 
sulphide and sulphur dioxide, were found to be present in quantities 
which would prove fatal to the workmen. 

Finally, Herman Frasch solved the problem by one of the most 
ingenious of technical processes. 

This process consisted of forcing superheated water under pressure 
into the sulphur bed, melting the sulphur and forcing it through a 
tube to the surface. The process employs the apparatus shown in 
Fig. 164. A boring is sunk into the sulphur deposits and in this is an 
iron pipe (not shown in the figure). Within this pipe is sunk the Frasch 
sulphur pump (Fig. 164). Down the outermost of three concentric 
tubes is forced superheated water at 170-180® C. under a pressure of 
140 Ibs.^ (at which pressure it is below its boiling point). This water 
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Fig. 164. — Frasch sulphur pump. 


^ The pressure at the bottom is much higher, for the hydrostatic pressure 
of the column of water must be added. 
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passes out into the sulphur bed and melts sulphur, which gathers by 
gravity in a pool round the pump. The sulphur enters the base of 
the pump, where it meets a stream of air bubbles and is carried to 
the surface as a foam of air and sulphur. The air bubbles serve to 
lighten the column of sulphur. The liquid sulphur emerges at the 
surface and is run into huge bins. A single well may produce 500 tons 
of sulphur of 99-95 per cent, purity in a single day. The sulphur so 
produced is exceedingly cheap. 

Great quantities of sulphur dioxide, diluted with much air, are 
produced when sulphide ores (c.r/., copper pyrites or zinc blende) are 
smelted . A j)rocess for concentrating this gas and reducing it to sulphur 
has recently been devised. The diluted gas is scrubbed with a cold 
solution of sodium suljDhito containing an easily hydrolysed salt such 
as aluminium (diloride, so forming sodium bisulphito, NagSOj + SOg -f- 
H 2 O 2 NaHS 03 . When the liquor is heated the reverse action takes 
place, this being aided by tho hydrolysis of the aluminium chloride to 
hydrochloric acid. The pure sulphur dioxide is passed over white-hot 
coke at 1,100° C, and is thus reduced to sulphur. 

SOg + C = COg -f s. 

A certain amount of sulphur is recovered from alkali waste. The 
Leblanc process (§ 235) yields calcium sulphide CaS as a waste product. 
This is now treated by tho Chanco-Claus process. The principle of the 
process is the action of carbon dioxide from lime kilns upon the alkali 
waste mixed to a cream with water. 

CaS + COg 4- HgO = CaCOs + HgS. 

The hydrogen sulphide produced is passed, mixed with air, over ferric 
oxide heated to a red heat. This acts catalytically and the reaction 
2H2S 4- Og = 2H2O + 2S 

takes place. The sulphur vapour formed is passed into chambers where 
it condenses. 

Purification of Sulphur . — Sulphur is best obtained in a high state 
of purity by recrystallisations from carbon disulphide {v. infra). 

884. Allotropic Forms of Sulphur. — Sulphur exhibits a remarkable 
and complex series of forms. Only three of the solid forms of 
sulphur can strictly be regarded as allotropes : — 
a-sulphur, octahedral or rhombic sulphur. 
j8-sulphur, monoclinic sulphur. 

8 -sulphur, amorphous sulphur. 

In addition to these true allotropes, which have definite and fixed 
properties, there exist also : — 

Plastic sulphur, which is a gel and therefore a mixture of two 
forms. 

Nacreous sulphur, a crystalline modification, the true nature of 
which does not appear to be settled. 

Colloidal sulphur, milk of sulphur, etc., which are simply 
amorphous sulphur in a finely-divided condition. 
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Liquid sulphur contains at least two forms 
A-sulphur, 

^-sulphur. 

The existence of a third liquid form Stt has been postulated. 

Sulphur vapour probably contains four allotropes, at least, Sg, 
Sfi, S 4 , S 2 , and these molecules also exist in solution. 

885. Relationships of the Forms of Sulphur. — Of the forms of solid 
sulphur only two appear to be permanently stable, a-sulphur is 
stable below 95*5° C. and /3-sulphur above 95*5° C. and below 120® C. 
The diagram illustrates the conditions of stability of the various 
forms of sulphur. The ordinates represent the vapour pressure of 



Fio, 165. — Conditions of stability of tho forms of sulphur. 

sulphur and the abscissae tho temperature. The scale of the vapour 
pressure is distorted in order to show the relationships more clearly. 

The areas in the diagram represent the conditions of temperature 
and pressure under which each form of sulphur is stable and perma- 
nent. Lines represent conditions under which ttvo forms can co-exist, 
and points where three lines meet represent the conditions under 
which three forms can remain permanently in contact without change. 

The diagram does not represent the forms which are never stable. 
It also cannot represent “homogeneous equilibria,*’ such as the 
co-existence of three or four different molecular species of sulphur 
vapour or two forms of liquid sulphur. 

886 . a-Sulphur, Rhombic or Octahedral Sulphur. — It will be seen 
from Fig. 165 that this form is stable below 96*5® C. at ordinary 
pressures. We make it, then, by allowing any other form of sulphur 
to remain for a sufficient time at the ordinary temperature or by 
crystallising sulphur below 95*6® C. The latter is the usual course. 
Sulphur is well ground and shaken in a stoppered bottle with, say, 
three times its weight of carbon disulphide. The solution is filtered 
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from any residual sulphur and is placed in a crystallising dish 
covered with a glass plate. As the carbon disulphide evaporates 
well-formed octahedral crystals appear. Native sulphur is always 
found as a-sulphur. 

cL~8ulphur forms fine transparent amber-coloured crystals. The 
natural form is an octahedron, but as a rule the edges and comers are 
bevelled off and the form resembles those delineated in Fig. 166 
and Plate XV. When heated to 95‘5°C. it becomes opaque and 
expands, forming monoclinic or ^-sulphur. Its density is 2-06. If 
heated rapidly it melts at 114*5® C., before monoclinic sulphur is 
formed. Its molecule has been shown to be an eight -membered 
ring of atoms. 

887. j3-Sulphur, Monoclinic or Prismatic Sulphur, is stable 






Crystals of a -sulphur. From Needle of ^-sulphur. 

Mellor’s Comprehensive Treatise 
of Inorganic and Theoretical 
Chemistry, by permission of 
Messrs. Longmans, Green & Co. 

Fig. 166 . 


between 95*5® C. and 120® C. and is prepared by crystallising 
sulphur above 95-5° C. The usual method of obtaining it is simply 
to melt sulphur and allow it to solidify, which takes place at 120® C. 
if the sulphur is pure, but usually at a rather lower temperature. If 
crystals are required the sulphur may be melted in a vessel such as 
a large crucible, and allowed to cool until a thin skin of crystals has 
covered the surface. This skin is then pierced with a hot iron and 
the liquid contents of the crucible poured out. It will be found 
that monoclinic crystals have formed on the walls of the crucible. 
The form of these is difficult to perceive clearly, but is actually that 
shown in Fig. 166. 

888. y-Sulphur, Plastic Sulphur* — ^When molten sulphur at a 
temperature of above 200® C. is poured into water, plastic sulphur 
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results. This may be done by heating molten sulphur in a crucible 
till it burns, and then pouring the still burning sulphur in a thin 
stream into water. If the sulphur used is pure the plastic sulphur 
is pale yellow, but as made from roll sulphur it is often nearly black. 
It is a transparent rubber-like elastic mass, and is probably a gel like 
rubber, glue, etc. It hardens within a few days and forms a peculiar 
variety of sulphur which, like plastic sulphur itself, is insoluble in 
carbon disulphide. 

Plastic sulphur was formerly thought to be super-cooled /x-sulphur, 
but it is theoretically necessary that the unstable /i-sulphur should 
be more soluble in carbon disulphide, etc., than the stable forms. 
Liquid sulphur shows the Tyndall effect (§ 93), and is therefore 
probably a sol, possibly a suspension of liquid in Sx- Sols, when 
they solidify, often give rise to gels. 

The physical properties of plastic sulphur also support the belief 
that it is a gel. X-ray studies show that its molecule consists of 
long chains of sulphur atoms. 

889. S-Solphur or Amorphous Sulphur. — When sulphur is pre- 
cipitated chemically, as by acidifying calcium pentasulphide solu- 
tion, or by oxidising hydrogen sulphide solution in the cold, 
amorphous sulphur is precipitated in a form soluble in carbon 
disulphide. 

The sulphur obtained in this way is almost white and is termed 
milk of sulphur. After some years at the ordinary temperature or 
more rapidly on heating, it is transformed into a-sulphur. 

890. Colloidal Sulphur is prepared by the reaction of hydrogen 
sulphide and sulphurous acid or by the action of sulphuric acid on 
sodium thiosulphate. It is readily prepared by mixing equivalent 
solutions of hydrogen sulphide and sulphur dioxide. 

It forms a clear yellow solution containing very minute suspended 
particles of sulphur. The addition of a little alum at once precipi- 
tates the sulphur. 

891. Nacreous sulphur forms plates with a mother-of-poarl-like lustre, 
and is obtained by crystallising sulphur from its solutions in benzene, 
etc., under special conditions. Nacreous sulphur is monoclinic, but the 
angles of its crystals are not the same as of jS-sulphur. Several other 
less common crystalline varieties have been claimed. 

892. Forms of Liquid Sulphur. — ^When sulphur is melted the 
liquid formed at 120°--130® C. is of a clear amber tint and is as 
mobile as water. On warming this to 160° C. it sharply becomes 
exceedingly viscous, so much so that it cannot be poured from an 
inverted vessel. This viscous liquid becomes less viscous when still 
further heated, and at the same time becomes very deep red-brown 
in colour. These peculiar changes are due to the existence of two 
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liquid forms of sulphur (S^, lambda-sulphur, and S^, mu-sulphur) in 
dynamic equilibrium, 

These forms do not appear to be fully miscible, but form a 
sol (§ 888). The amber- coloured mobile liquid is pure Sa, and it 
solidifies to monoclinic sulphur when cooled. As the temperature 
rises increasing quantities of S^ are formed, and at the boiling point 
of sulphur the liquid consists mainly of S^. /x-sulphur, when 
rapidly cooled, forms plastic y-sulphur, but when slowly cooled it 
reverts to A-sulphur, which then solidifies to the monoclinic form. 

893 . General Properties of Sulphur. — Sulphur is a yellow or white 
solid without taste or smell. It has little or no physiological effect 
on man, but its vapour is very poisonous to certain low forms of life, 
such as fungi, mites, etc. Sulphur is brittle, and a poor conductor of 
heat. It is a non-conductor of electricity and has been used as an 
insulator ; its brittleness and its effect on metals prevent its general 
use. Sulphur has a density 1*96 to 2*06 (S^ 2*06, S^ 2*04, S^ 1*96). 
It melts, if heated slowly enough, at 120° C., but under normal condi- 
tions at about 115° C. Sulphur boils at 444-5° C., and its boiling 
point forms a useful fixed point in thermometry. 

Sulphur is insoluble in water, sparingly soluble in alcohol, ether, 
chloroform, etc., but very soluble in carbon disulphide (1 : 2-5 in 
cold, 1 : 1*821 at 55° C.). It is moderately soluble in benzene. 

894 . Chemical Properties. — Sulphur burns in air with a blue flame, 
forming sulphur dioxide and a little sulphur trioxide. 

S, + O2 = SO2 + 71,080 cals. 

2S02 + 02^2S03. 

Its temperature of ignition is low, c. 250° C., which makes it a 
useful combustible in match heads. The monoclinic variety evolves 
71,720 cals, in comparison with the rhombic 71,080. In oxygen 
sulphur burns wdth a beautiful violet flame. 

Mixed with substances which readily give up oxygen, sulphur 
deflagrates or explodes. Gunpowder (sulphur 1 part, carbon 1 part, 
potassium nitrate 6 parts) is an example of this action. 

Sulphur reacts with carbon to form carbon disulphide {q.v,). With 
phosphorus, arsenic and the majority of the metals, sulphides are 
formed on heating the elements together, 

2P + 5S = P2S5 
2As 3S = AS2S3 
Hg + S = HgS, etc. 

The halogens react with sulphur, forming various halides, SF®, S2CI2, 
etc. {q,v.). 

Sulphur is unattacked by water and by such acids as are not also 
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oxidising agents. Concentrated sulphuric acid and nitric acid 
oxidise it to sulphur dioxide and sulphuric acid respectively, 

S + 2H2SO4 = 2HoO + 3SO2 
S + 6HNO3 = H2SO4 + 2H2O + 6NO2. 

Both reactions are slow. The latter is much accelerated by the 
addition of bromine (see p. 120). 

Sulphur reacts with alkalis, forming sulphides and thiosulphates. 
Thus with caustic potash, potassium thiosulphate and sulphide first 
result, 

6KOH + 4S = K2S2O3 + 2K2S + 3H2O. 

The potassium sulphide combines with more sulphur, forming the 
pentasulphide which has 

K2S + 4S - K^Ss, 

a red-brown colour. Solutions containing calcium thiosulphate and 
pentasulphide obtained by the action of lime on sulphur have been 
known since the first century of the Christian era and have found 
various industrial uses (§374). 

Uses of Sulphur . — Sulphur finds its chief uses : — 

(1) In the manufacture of calcium and magnesium bisulphite for 
bleaching wood pulp. Some 200,000 tons are used yearly for this 
purpose (§ 375). 

(2) For dusting vines and hops, which suffer from a form of 
oidium or mould fungus. Some 100,000 tons are used yearly in this 
way, 

(3) In the manufacture of sulphuric acid (§§ 929 seq.), which is 
itself used in the manufacture of a great variety of products. 
Pyrites is a cheaper source of sulphur, but the element has the 
advantage of being arsenic-free. 

(4) Large quantities are employed in the vulcanisation of rubber 
and for making sulphur chloride — ^used in this industry. 

(5) Sulphur finds uses in the manufacture of explosives, fireworks 
and matches. ^ 

(6) Sulphur is used for making carbon disulphide, sulphur dioxide, 
etc. It is also used in medicine made up as an ointment, etc. 

(7) Sulphur is also used in the manufacture of the sulphide 
dyes, which are both cheap and very fast, 

896. Atomic Weight of Sulphur. — That the atomic weight of 
sulphur is very nearly 32, appears from the vapour densities of its 
many volatile compounds. These never contain less than 32 gms. of 
sulphur per gram-molecule. 

Exact values for the atomic weight of sulphur have been obtained 
in many ways. The best determinations are probably those of 
Richards and his collaborators. They converted sodium carbonate 
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into sodium sulphate and so obtained the ratios of their weights. 
They also converted silver sulphate into the chloride by heating it 
in a stream of hydrogen chloride. These methods gave results of 
32*06. The determination of the densities of sulphur dioxide and 
hydrogen sulphide give values of 32*05 to 32*07. The value 32*005 is 
generally adopted. 

896. Valency of Sulphur. — Sulphur readily forms compounds with 
both non-metals and metals. The compounds with non-metals are 
non-polar and those with metals for the most part polar, i.e., salts. 
The sulphur atom has the electronic structure, 2, 8, 6. It can com- 
bine to form a polar compound by taking up two electrons, forming 
the ion S” with the electrom'c structure, 2, 8, 8. In its covalent 
compounds it has six electrons to share, and accordingly its maxi- 
mum valency should be six. This is exhibited in the compound SFg, 

f: s :f 
f’ f 

in which sulphur has a ring of twelve electrons surrounding it. This 
is uncommon, and normally a ring of eight is all that is found. 

897. Hydrogen Sulphide. Sulphuretted Hydrogen H 2 S. — Hydro- 
gen sulphide has been known as a product of putrefaction from the 
earliest times. The first scientific examination of it was, however, 
made by Scheele in 1777. 

Hydrogen sulphide is found in volcanic gases and impregnates the 
w’ater of many mineral springs, such as those of Harrogate, Llan- 
drindod Wells, Aix-la-Chapelle, etc. These springs are believed to 
have a medicinal value, acting especially upon the liver. As a 
product of the putrefaction of sulphur-containing organic matter it 
is found in sewer-gas and also in highly polluted rivers. The lower 
depths of the Black Sea contain a notable proportion of the gas. 

898. Preparation of Hydrogen Sulphide. — The gas hydrogen 
sulphide may be prepared : — 

(а) By the action of hydrogen upon sulphur or certain sulphides. 

(б) By the action of acids or water upon sulphides. 

(c) By the action of sulphur upon organic matter. 

(а) If a stream of hydrogen be passed through boiling sulphur a 
little of the gas is formed ; the method is not of practical value, 

S + Ha^HjjS. 

When hydrogen is passed over certain sulphides they are reduced 
with formation of hydrogen sulphide, 

SbgSa + 3Ha = 2Sb + 3 H 2 S. 

(б) The action of dilute sulphuric or hydrochloric acid upon ferrous 
sulphide is by far the most convenient means of preparing the gas. 
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The gas thus prepared contains acid and iron salt mechanically 
carried over as spray, and also hydrogen derived from the metallic 
iron always present as impurity in the sulphide. The first two 
impurities are readily removed by washing the gas with a little water. 

Various types of apparatus are in use to ensure a supply of the 
gas, which is continually required in a laboratory w^hcre quantita- 
tive analysis is performed. There are numerous patterns, but that 
illustrated is simple and easy to handle. It works on the same 
principle as Kipp’s apparatus ; but, since it holds a much greater 
quantity of material, it needs re-filling less often. 

A purer gas is obtained by the action of hydrochloric acid (2 parts 
cone. : 1 part water) upon antimony sulphide, preferably the artifi- 
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cially prepared material. The gas should be washed with water. 

SbgSa + 6HC1^ 2SbCl3 + SHgS. 

Aluminium sulphide is decomposed by water, yielding the gas, 

AI 2 S 3 -f 6 H 2 O ^ 2A1(0H)3 4 - SHjjS. 

(c) Sulphur, when heated with vaseline, paraffin wax, and many other 
hydrogen-containing organic compounds, yields hydrogen sulphide. 

Very pure hydrogen sulphide is best obtained by solidifying the gas 
with liquid air and removing all imcondensed gas (hydrogen) with a 
pump. On allowing the solid to warm up, impurities boil off first, 
and after a part has boiled away the gas evolved is pure hydrogen 
sulphide. 

Hydrogen sulphide may be collected over hot water, but it is 
rather too soluble to collect in cold water. If it is required dry 
calcium chloride should be used as drying agent. Alkalis absorb 
it and sulphuric acid slowly oxidises it, 

HgSO* + 3H2S = 4H2O + 4 S. 
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899. Formula. — If hydrogen sulphide be heated with tin — the 
apparatus of Fig. 168 is suitable — ^hydrogen is produced and the 
volume of the latter is equal to that of the hydrogen sulphide. Thus 
1 volume hydrogen sulphide contains 1 volume hydrogen and, 
by Avogadro’s hypothesis, 1 molecule of hydrogen sulphide contains 
1 molecule of hydrogen. Its formula is, therefore, HgS^. Since its 
density is 17, its molecular weight is 34 and the molecular weight of 
sulphur in the molecule is 34 — 2 = 32 = 1 atomic weight. The 
formula is therefore HgS. 

900. Physical Properties. — Hydrogen sulphide is a colourless gas 
with a very unpleasant odour recalling that of a rotten egg. The 
smell of the purified gas is fainter and much less disagreeable. It has 
a sickly taste, recalling its smell. 

The gas is highly poisonous, an atmosphere containing 1 part in 
1,000 being rapidly fatal. Its 
smell, however, prevents any 
danger of poisoning in the 
laboratory, for an atmosphere 
of 1 part in 100,000 of air is 
unpleasantly fetid. Cases of 
poisoning arise chiefly in sewers, 
etc. ; very dilute chlorine is the 
best remedy. 

The gas is a little heavier 
than air (D = 17, Hg == 1). It 
is readily liquefied and boils 
at — 61° C- and freezes at 
—82*9° C. Water dissolves 4-4 
times its volume of the gas at 0° 
solution forms a useful reagent. 



Fig. 108. — Composition of hydrogen 
sulphide. 

C. and 3-2 volumes at 15° C. The 


The physical and, to a less extent, chemical properties of hydrogen 
sulphide HgS are in decided contrast to that of its analogue, water, HgO 
The latter is an associated substance, mainly (H20)2 ; accordingly it has 
a much higher boiling point and melting point than hydrogen sulphide. 
The tendency of hydrogen suljihide to form co-ordinate compounds is 
negligible, whereas water acts both as a donor and acceptor, foiming a 
great variety of such compoxmds. The reason for this difference is not 
apparent. 

901. Chemical Properties. — ^Hydrogen sulphide readily burns in air 
with a blue flame. If excess of air is present sulphur dioxide and 
water are the products ; with a deficit of air sulphur is produced and 
the^flame consequently deposits sulphur on any cold ob j ect placed in it. 

2 H 2 S + 02 = 2 H 2 O + 2S 
2H2S + 3O2 = 2H2O + 2SO2. 
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The former reaction is utilised in the Chance-Claus process 
{v, p. 609). Its solution in water oxidises at the ordinary tempera- 
ture in accordance with the first of the above equations. 

Hydrogen sulphide reacts with the halogens, forming the hydrogen 
halides and sulphur, 

HgS + Brg = 2HBr + S. 

If excess of halogen is present the sulphur will be affected. The 
reaction is utilised for making hydrogen bromide and iodide (§§ 1078, 
1094). 

Hydrogen sulphide is a reducing agent. It reduces ferric salts to 
ferrous salts, 

2FeCl3 + H^S - 2FeCl2 + 2Ha + S 
KgCr^O, + 5H2SO4 + SHgS = 2KHSO4 + (>2(804)3 + 7H2O + 38, 

dichromates to chromium salts, etc., sulphur being deposited. 
Among such reactions may be noted its reaction with sulphur 
dioxide, 

SO2 + 2H2S = 2H2O + 38, 

which takes place only in presence of liquid water. The experiment 
may be performed by mixing the gases, not specially freed from 
water-vapour, by superposing a gas-jar of sulphur dioxide upon 
one of hydrogen sulphide. If the jars are dry no reaction takes 
place. On introducting liquid water sulphur is at once deposited. 

The reaction is actually more complex than the above equation 
would indicate, for in addition to sulphur, polythionic acids (§ 940) 
are produced. 

Hydrogen sulphide is occasionally used as a reducing agent in 
organic chemistry. 

The reaction of hydrogen sulphide with heated metals yields, as a 
rule, hydrogen and a sulphide. In this respect it behaves as an acid, 

Sn + HgS = SnS + Hg. 

In solution hydrogen sulphide has the reactions of a weak acid and 
its solution is sometimes called hydrosulphuric acid. The solution 
reddens blue litmus and is a better conductor of electricity than pure 
water, showing that ionisation takes place, 

HgS ^ H+ + HS~;f=^ 2H+ + 8- 

With the alkalis it forms salts called hydrosulphides and sulphides, 
HgS + KOH = KHS + H2O 
H2S + 2KOH == KgS + 2H2O. 

902. Reaction of Hydrogen Sulphide with Solutions of Metallic 
Salts. — Most of the sulphides of the metals are insoluble in water, 
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those of the alkali metals being exceptions. The sulpliides of the 
alkaline earth metals, aluminium, chromium and the rare-earths, are 
decomposed by water. The sulphides of the remaining metals are 
to be divided into two classes. 

(1) Those insoluble in acids (say 2N hydrochloric). 

(2) Those dissolved by acids. 

The first class includes the sulphides of gold, silver, mercury, 
copper, lead, bismuth, arsenic, antimony, tin and cadmium ; the 
second, those of iron, nickel, cobalt, zinc, and manganese. Thus, if 
hydrogen sulphide is passed through an acid solution of a salt of the 
first class of metals the sulphide is precipitated. From a solution of 
a salt of a metal of the second class the sulphide is only precipitated 
if acid is not present. Since the reaction of, say, a chloride with 
hydrogen sulphide produces an acid, the reaction will only be com- 
plete if 

FeCla + HgS ^ FeS + 2HC1, 

an alkali is present to remove the acid as fast as it is formed. 

The full explanation of the matter is given by the theory of electro- 
lytic dissociation. 

No sulphide is altogether insoluble, for even the most “ insoluble ** 
substances dissolve to some extent. The small amoimt of any sulphide 
present in solution will ionise. Thus, if any solid sulphide (MS) is 
precipitated, 


MS M++ + S— . 

Solid. 

As shown in § 118, the sul})hido is precipitated when 

[S-] > S, 

where S is the solubility product of the particular sulphide. 

The condition then that the solution shall be saturated with the 
sulphide is that the product of the concentrations of the metallic ion 
M++ and the sulphide ion S — shall reach a certain value S, depending 
on the nature of the sulphide in question. If this value S is exceeded the 
solid sulphide will be precipitated. Let us suppose that we are to 
saturate with hydrogen sulphide solutions of various metallic salts of 
equivalent strength so that [M++] = 1 gm.-mol. per litre or any other 
arbitrary value in each case. 

Then in order that precipitation shall take place, 

1 X [S— ] « S. 
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Now, in a neutral solution of hydrogen sulphide, which is a very weak 
acid. 


and 


H2S ^ 2 H+ + S— . 
[S-] _ 
[H2S] ““ ^ ’ 


and since, if the solution is saturated with hydrogen sulphide, [H 2 ®] 
constant, 

[H+]2 [S— ] = ^'[HaS] = k" 


and 




The concentration of sulphide ion, then, varies inversely as the 
square of the concentration of hydrion present. 

The addition of acid to a solution of hydrogen sulphide will then 
increase [H+] and, by so doing, diminish the concentration of sulphide 
ion, imtil in some cases, it may fall to a value whore [M++] [S — ] < /S 
and so prevent the precipitation of the sulphide. Some sulphides have 
so small a solubility product that the maximum possible concentration 
of hydrion (about 6N) will not diminish [S++] enough to prevent their 
precipitation. This is the case with some of the metals of Group II. A 
in the qualitative analysis tables : thus antimony and cadmium 
occupy an inteimodiate position, being precipitated if the concentration 
of hydrion is less than about 3N. The remaining metals, iron, zinc, 
cobalt, nickel and manganese, need a fairly large concentration of 
sulphide ion and therefore a very small concentration of hydrion to 
cause their precipitation. This condition is attained by adding hydroxyl 
ion in the form of alkali and neutralising the acid present by removing 
tho H+ ; for, since in water [H+] [OH~] == 10"^*, the addition of OH" 
causes a great diminution in the concentration of hydrion and 
consequent increase of the concentration of sulphide ion. 


903. Uses of Hydrogen Sulphide. — In addition to its use in 
analysis, it is used on the large scale for removing arsenic from 
sulphuric acid by precipitating it as arsenic trisulphide. 

904. Detection and Estimation. — Hydrogen sulphide is readily 
detected by its action upon metallic salts. Paper soaked in a solu- 
tion of lead acetate (or better, sodium plumbite) turns first brown 
and then black when in contact with the gas, 

Pblg + HgS = PbS + 2HA. 

The gas is estimated by titration with iodine, the reaction being 
HgS + I2 = 2 HI + S. 

905. The Sulphides. — The sulphides of the non-metals are usually 
prepared by the direct interaction of sulphur and the non-metal in 
question (exception, nitrogen sulphide, § 766). 

The metallic sulphides are prepared : — 

(1) By fusing the metal with sulphur. 

(2) By heating certain compounds of the metal with sulphur. 
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(3) By the reduction of the sulphates of the metals with carbon. 

(4) By precipitation with hydrogen sulpliide, as described in § 902. 

(5) By the action of hydrogen sulphide upon alkalis. 

Sodium and potassium sulphides are the only soluble sulphides 
(other than polysulphides). They are made by method (5). 

Their solutions are strongly alkaline as a result of hydrolysis, 

KgS + 2H2O ^ 2KOH + HgS, 

and smell of hydrogen sulphide. 

The sulphides of the alkaline earths are insoluble in water but are 
more or less readily decomposed by it, 

Cas + 2H2O ^ Ca(OH)2 + HgS. 

The sulphides of aluminium and chromium and the rare -earths 
are decomposed by water, 

AI2S3 + 6H2O = 2A1(0H)3 + 3H2S. 

The insoluble sulphides as prepared by precipitation are mostly 
earthy powders. They often have a metallic appearance when 
fused and crystallised. 

Heated in air the sulphur is oxidised while the metal, the sulphate, 
or the oxide remains. A few sulpliides burn, notably those of 
arsenic and antimony ; the oxide is usually produced, but occa- 
sionally the sulphate or the metal, 

HgS + O2 = Hg + SO2 
2CuS + 3O2 = 2CuO + 2SO2 
BaS + 2O2 == BaS04. 

If acids have any action upon them, it results in the liberation of 
hydrogen sulphide ; 

ZnS + 2HC1 = ZnClg + H2S. 

The sulphides of silver, mercury, copper, lead, tin, bismuth and 
arsenic are attacked only by oxidising agents. All sulphides are 
harder to dissolve when in their native crystalline condition. Nitric 
acid, with or without bromine, is the best agent for bringing them 
into solution. The sulphate, nitrate and free sulphur usually result, 
CuS + 4HNO3 = Cu(N 03)2 + 2NO2 + 2H2O + S 
CuS + 8HNO3 = CUSO4 + 8NO2 + 4H2O. 

906. Polysulphides. — When the sulphide of an alkaline metal or 
metal of the alkaline earths is digested with sulphur a yellow to dark 
red solution results. 

In these solutions are contained such salts as Na2S3, KgSg, CaSs, 
etc. 

These have been thought to be chain compounds, such as 
Na-S-S-S-S~S~Na, 
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but it is more probable that they have a constitution analogous to 
that of the sulphates, 



The solution of calcium polysulphide is used in horticulture as 
lime-sulphur wash, which is an efficient destroyer of insect life, 
fungi, etc. 

907. Hydrogen Persulphides. — ^When a solution of calcium poly- 
sulphide is slowly poured into an equal volume of ice-cold hydrochloric 
acid, hydrogen persulphides settle out as a yellow oil. 

CaSj + 2HC1 = CaClj + H^S*. 

If the hydrochloric acid is poured into the polysulphide only sulphur 
is precipitated, for the persulphides are at once decompose by the 
excess of alkali surrounding them. 

The yellow oil so obtained consists of a mixture of hydrogen disulphide 
HgSj and hydrogen trisulphide HgSj. 

Both soon decompose into sulphur and hydrogen sulphide. 


OXIDES AND OXYACIDS OF SULPHUR 

908. List of Oxides and Oxyacids and Acid Halides of Sulphur. — 

There are four oxides of sulphur and a larger number of oxyacids, of 
which a list is given below : — 



Oxides 


Sulphur monoxide 

SO 


Sulphur dioxide 

SO, 


Sulphur sesquioxide 

8,0, 


Sulphur trioxide 

SO, 


Sulphur heptoxide 

S, 0 , 


Sulphur tetroxide 

SO4 

Oxyacids 

/OH 

• ®\ 

^OH 

[Sulphoxylic acid 

H,SO, . 

/SO - OH 

• 

^S - OH 

Hyposulphurous acid 

^28,04 • 

Sulphurous acid 

H^SO, 

/OH 

. O^S^ 

^OH 
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Pyr&sulphurous acid H 2 S 2 O 5 


Thiosulphuric acid 

H,Sg 03 

Sulphuric acid 

H,SO, . 

Pyrosulphuric acid 

H,S,0, . 

Dithionic acid 

HgSgO, . 

Trithionic acid 

HgSgOj 

Tetrathionic acid 

H,S,Oe . 

Pentathionic acid 

H,S,0, . 

[Hexathionic acid 

HgSgO, • 

Persulphuric acid 

HjjS,Og 


Monopersulphuric acid HgSO^ . 


O 




OH 


)o 

^OH 

OH 


SO, 






so^ 


SH 

OH 


OH 


0 


/SO, 


OH 


SO, - OH 


SO, - OH 


SO, - OH 


,.SO» - OH 


K 

^SO, - OH 
S - SO, - OH 

I 

S - SO, - OH 


/S-SO2.OH 

• 

\S-SO,.OH 

S-S-SO..OH 

. I 

S - S - SO, .OH 
O - SO, - OH 

• I 

0 - SO, - OH 

/OH 
. SO,( 

\_0 - OH 


The structural formulae are those to be assigned to the undisso- 
ciated acids. The ions may have different structures in some cases. 
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HAX.OGEN Substituted Oxyaoids 


Derived from sulphuric acidy of type HXSO3. 
Fluorsulphonic acid HFSO3 

Chlorsulphonic acid HCISO3 


SO3 


\0H 


Acid Halides 


Derived from sulphurous acid, of type SOXg. 


Thionyl fluoride 

SOF, 

1 

Thionyl chloride 

SOCL, 

Thionyl bromide 

SOBrj . . j 

1 

Derived from sulphuric acid, of type SOgXg 


Sulphuryl fluoride 

SOjjFg 

Q / 


SO3CI, . . J 

r 

1 0-^ 


Derived from pyrosulphuric acid, 

.SO 2 - Cl 

Pyrosulphuryl chloride SgOgClj . . 

^SOg - Cl 

Oxides of Sulphur 

908a. Sulphur Monoxide. — This oxide is formed by the action of the 
electric discharge on sulphnr dioxide (best mixed with sulphur vapour) 
at low pressures ; also, together with the dioxide, by combustion of 
sulphur in oxygen at low pressures. It is a colourless gas which decom- 
poses with great ease, particularly in presence of impurities such as 
water or tap grease. It decomposes completely within a minute at 
180® C. It forms sulphur dioxide when sparked with oxygen. With 
metals it gives sulphides. Alkalis convert it to a liquid which 
decolorises indigo and may be sodium sulphoxylate. 

SO + H 3 O = H 2 SO 2 . 

909. Sulphur Sesquioxide 8303 is obtained by dissolving sulphur in 
fused sulphur trioxide at 15° C. It forms a bluish-green crystalline 
siibstance soluble in sulphuric acid to a blue solution. It readily 
decomposes into its constituents. 


910. Sulphur Dioxide, Sulphurous Anhydride SO 2 . — ^The fumes 
evolved by burning sulphur have long been known — ^as long, cer- 
tainly, as sulphur itself. The gas was first prepared in a fairly pure 
state by Priestley, in 1775. Priestley first obtained it, probably 
mixed with carbon dioxide, by heating olive oil with sulphuric acid 
(the oil acting as a reducing agent). 

911. Occurrence. — Sulphur dioxide is found in the gases evolved 
by volcanoes. The air of towns contains small quantities, chiefly as 
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a result of the burning of iron pyrites contained as an impurity in 
coal. 

912. Preparation of Sulphur Dioxide. — ^Sulphur dioxide may 
be obtained : — 

( 1 ) By burning sulphur in air or oxygen. The gas obtained by 
burning sulphur in air always, of course, contains nitrogen, but the 
method is often used industrially. 

( 2 ) Sulphur dioxide is often obtained industrially by burning iron 
pyrites, zinc blende, etc., in air. 

dFeSg +1102 = 2 Fe 203 + SSOg. 

This is the cheapest way of preparing the gas (v. under Sulphuric 
Acid, p. 624), but so prepared, it contains a notable proportion of 
arsenic. On the large scale the pure gas is prepared from the gases 
obtained when pyrites is burned. The gases obtained contain, as 
a rule, but 6 to 7 per cent, of sulphur dioxide. This is absorbed by 
water, while the* air, etc., passes on ; the gas is then expelled from 
solution by heat, dried with sulphuric acid and liquefied by 
pressure. It is sold, as a rule, as the liquid, confined in glass 
syphons under a pressure of 2~4 atmospheres. The use of the 
liquid gas as sold in syphons is so convenient that the laboratory 
preparation of the gas is rarely carried out. 

(3) Sulphur dioxide is prepared by the action of hot concentrated 
sulphuric acid on a reducing agent, mercury, copper or other metal, 
sulphur, charcoal, etc. (§ 936). Copper is commonly employed. 
The main reaction is 

Cu + 2 H 2 SO 4 = CUSO 4 + 2 H 2 O + SO 2 , 

but copper sulphide is simultaneously formed. The apparatus 
shown in Fig. 173 may be employed. The acid has to be heated 
above 100 ° C. before any gas comes off, and the temperature should 
not be allowed to rise too much or the action may become violent. 

The gas so obtained contains sulphur trioxide, sulphuric acid 
vapour, etc., and is purified by passing it through a little water and 
then drying it with sulphuric acid. 

The gas may be collected by downward displacement or over 
mercury. 

( 4 ) The action of moderately diluted sulphuric acid (1:1) on a 
sulphite (preferably sodium bisulphite) may be employed. 

H 2 SO 4 + NaHSOs = NaHS 04 + H^O + SO*. 

The gas is dried by sulphuric acid. 

913. Formula. — ^When sulphur burns in oxygen there is no change 
in the volume of the gas. So 1 volume sulphur dioxide contains 
1 volume of oxygen, and 1 molecule sulphur dioxide must contain 
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1 molecule oxygen. The formula must then be S^^Og. Since the 
molecular weight, obtained from the vapour density, is 64, the 
molecular weight of sulphur contained therein is 64 — 2 X 16 = 32, 
1 atom of sulphur. The formula is accordingly SOg. 

914. Properties. — Sulphur dioxide is a colourless gas with the 
choking smell characteristic of burning sulphur and a characteristic 
taste. It is poisonous and has been much used for destroying low 
forms of life by fumigation with sulphur. It is now largely super- 
seded for this purpose by formaldehyde, which is not destructive 
to fabrics, etc. Sulphur dioxide is considerably heavier than air 
(D. = 2*26 referred to air, 32 referred to hydrogen). It is readily 
liquefied by a pressure of 2-4 atmospheres at the ordinary tem- 
perature. The liquid is colourless and boils at — 10® C. A good 
freezing mixture will therefore condense the gas. The liquid is a 
good solvent and resembles water in that it dissolves salts, which 
dissociate electrolytically in solution in it. Sulphur dioxide is very 
soluble in water. At 0® C. 1 volume of water dissolves 79-79 
volumes of the gas ; at 20® C., 39-37 vols. 

916. Chemical Properties. — Sulphur dioxide is decomposed when 
heated to a high temperature, sulphur trioxide and sulphur resulting, 

3SO2 ^ 2 S 08 + S. 

It is also decomposed by light, a white cloud of sulphur trioxide 
being formed when a beam of sunlight passes through a long tube 
containing the gas. An electrical discharge at low pressures converts 
it into sulphur monoxide (§ 908a). 

Sulphur dioxide reacts reversibly with oxygen when heated, 
especially in presence of certain catalysts, notably metallic platinum 
(§918). 2S02 + 02^2S03. 

With chlorine it reacts to form sulphuryl chloride SO2CI2, the 
reaction being catalysed by camphor. With fiuorine and bromine 
similar reactions take place. 

Certain of the metals react with the gas. Thus red-hot finely- 
divided iron absorbs it, forming iron sulphide and oxide, 

3Fe + SO2 = 2FeO + FeS. 

Potassium bums in the gas, forming the sulphite and thiosulphate, 
4K + 3SO2 = K2S2O3 + K2SO3. 

With water, sulphur dioxide forms sulphurous acid, 

HjO + SOg^HgSOa. 

The presence of this acid, which cannot be isolated free from 
water, is demonstrated : — 

(1) By the failure of sulphur dioxide to follow Henry’s law 

(t;. § 664). 
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(2) By the solution exhibiting the properties of an acid, e.gr., good 
conductivity, effect on indicators, reaction with metals, oxides, etc., 
to form salts. 

Sulphur dioxide reacts vigorously with such basic oxides as lime, 
forming sulphites, CaO + SOg = CaSOg. 

Lead dioxide reacts vigorously with it, oxidising it and forming 
lead sulphate, PbOg + SOg == PbS 04 . 

The reducing action of sulphur dioxide is chiefly manifest in 
solution. It is therefore discussed under sulphurous acid. 

916. Sulphurous Acid smells strongly and tastes of sulphur dioxide, 
which is present, 

HgO + SOg^HgSOg, 

in its solutions. The action of heat or evaporation decomposes the 
acid, for it causes the dissolved uncombined sulphur dioxide to 
escape ; more sulphurous acid then decomposes and restores the 
equilibrium and this process continues until nothing but water 
remains. 

The structural formulae of sulphurous acid and the sulphites have 
occasioned a good deal of dispute. The ion is almost certainly 



This structure is supported by the ready attachment of an oxygen 
or sulphur atom forming the sulphate or thiosulphate ions 


:6: 


:b: 

:0:S:0: 

or 

:0:S:b: 

— : 0 : _ 


— : S : _ 


The structure of the undissociated acid is less certain. The sulphur 
atom is probably tetravalent as in sulphur dioxide, but may be 
hexavalent. The formulas 

.OH .0— OH 0^ .OH 

o-^s<; o^s< 

^OH ^H 

(1) (2) (3) 

are three of the most probable. 

Formula (1) is indicated by the formation of the acid from 
thionyl chloride and water, 

.Cl H . OH .OH HCl 

+ = o<~s<; + 

^C1 H.OH ^OH HCl 


8 8 9 



628 


SULPHUR 


and explains all the properties of the acid very well, except the fact 
that two diethyl sulphites exist. These probably have the formulae 


/SO and /SOj 


The latter formula would indicate the acid to have formula ( 2 ) or ( 3 ). 
The esters are not, however, a reliable guide and the formulae 
.OH 


0-«-S 


\ 


OH 


may be adopted with reasonable confidence. Some 


years ago it was announced that two different sodium potassium 
sulphites NaKSOg and KNaSOg, existed. This would necessitate 
formula ( 2 ) or ( 3 ), but the real existence of these isomeric sulphites 
has not been substantiated. 

Sulphurous acid is a strong reducing agent, being readily oxidised 
to sulphuric acid. In air it is slowly oxidised, 


2H2SO3 + O2 = 2H2SO4. 


Sulphurous acid reacts with the halogens to form sulphuric acid, 
H2SO3 + CI2 + H2O = H2SO4 + 2 HC 1 . 


Thus solutions of sulphurous acid may be titrated with iodine. The 
sulphurous acid should run into the iodine, not vice versa, because in 
the latter case the by -reaction 

SO2 + 4 HI = 2I2 + 2H2O + S 

also takes place. 

It reduces ferric salts to ferrous salts, 

2FeCl3 + H2SO3 + H2O = 2FeCl2 + 2HC1 + HgSO^. 

lodates are reduced to iodine, 

2KIO3 + 5H2SO3 = 21 + 2KHSO4 + 3H2SO4 + H2O. 

This affords a dehcate test for sulphur dioxide. Papers impregnated 
with a solution of potassium iodate ^ and starch turn blue when only 
traces of sulphur dioxide are present. The reaction of solutions of 
iodates and sulphurous acid affords a good example of a time- 
reaction (p. 717 ). 

A simple test for sulphurous acid or sulphur dioxide is to add the 
solution to, or pass the gas through, a neutral dilute solution of 
potassium permanganate. This is at once decolorised, 

2KMn04 + 5H2SO3 = 2KHSO4 + 2MnS04 + H2SO4 + 3H2O 
and the colourless liquid gives the barium chloride reactions 


^ Do not confuse with starch — potassium iodide papers (p. 690j. 
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characteristic of a sulphate (§ 937). The latter part of the test is 
necessary, as other reducing agents may decolorise permanganates. 

The reaction of sulphurous acid and hydrogen sulphide (§ 901) 
is an example of sulphurous acid or sulphur dioxide acting as an 
oxidising agent in presence of the stronger reducing agent, hydrogen 
sulphide. 

Sulphur dioxide, in presence of moisture, ic., sulphurous acid, acts 
as an efficient bleaching agent, which is the more valuable in that, 
unhke chlorine (the other chief bleaching agent), it does not affect 
the strength of the materials bleached. Cotton and linen fibre are 
ordinarily bleached with chlorine, but the tenderer materials, wool 
and silk,i are bleached with sulphur dioxide. The use of sulphur 
fumes for bleaching was known to the Romans. The principle of 
the method is the reduction of the colouring matter to a colourless 
Zei^co-compound , 

H 2 SO 3 + H 2 O + X = H 2 SO 4 + H^X. 

An actual example is the bleaching of woollen goods. The materials 
are well washed and while still set are hung in a chamber in which 
sulphur dioxide is made by burning sulphur. The same method is 
employed for bleaching silk, straw, sponges, etc. 

The colouring matter is only reduced, not profoundly altered, and 
consequently it is not uncommon for the colour to reappear in conse- 
quence of oxidation by air and light. The yellow colour of old 
straw hats, flannel trousers, newspapers, etc., is due to this action of 
air and light. 

917. The Sulphites. — The sulphites of the alkali metals and of the 
alkaline earths are salts of some importance. 

Three series of salts have been obtained. 

Bisulphites, e.gr., NaHSOj, Ca(HS 03 ) 2 . 

Normal sulphites, e.gr., KgSOg, BaSOg. 

Metabisulphites (pyrosulphites), e.gr., Na 2 S 205 . 

The normal sulphites are stable salts, odourless in solution. When 
treated with acids they give sulphurous acid, which decomposes to 
sulphur dioxide, 

NagSOa + 2H2SO4 == 2NaHS04 + H2O + SO2. 

This is evolved if the acid used is concentrated. Sulphites give, 
with barium chloride, a white precipitate of barium sulphite, BaSOa, 
but this is soluble in dilute hydrochloric acid, therein differing from 
barium sulphate. 

The sulphites have the reducing properties of sulphurous acid, 
forming sulphates with oxidising agents. They are detected (a) by 


1 Hydrogen peroxide is often used for goods of the finest class. 
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their giving sulphur dioxide with hot dilute sulphuric acid ; (6) by 
their reducing permanganates acidified with dilute hydrochloric 
acid and forming sulphates detected by the barium sulphate test. 

Those of the sulphites which have any practical importance are 
mentioned under the heading of the element in question. 

918. Sulphur Trioxide, Sulphuric Anhydride SO 3 . — Sulphur trioxide 
has been known since the seventeenth century, when it was prepared 
by distilling anhydrous ferric sulphate, 

^’62(804)3 = FeaOa + SSO,. 

Preparation . — Sulphur trioxide is prepared — 

(1) By distillation of sulphuric acid with excess of phosphorus 
pentoxide, P2O5 + H2SO4 = 2HPO3 + SO3. 

(2) By distillation of ferric and other sulphates (r. supra), 

(3) By the direct union of sulphur dioxide and oxygen, 

2802 + 03 ^ 2803 . 

The details of this process and the theory of the equilibrium between 
sulphur dioxide and oxygen is discussed under the contact process 
for the manufacture of sulphuric acid (§ 930). This reaction is 
very slow in absence of a catalyst, but in presence of platinum it is 
rapid and complete at about 400® C, The apparatus illustrated may 



Fig. 169. — ^Preparation of sulphur trioxide. 


be used for its preparation in the laboratory. Sulphur dioxide from 
a syphon and oxygen from a cylinder pass through wash bottles 
containing sulphuric acid, the rate of flow being adjusted to about 
2 parts of the former to 1 of the latter. The gases then pass through 
a tube containing platinised asbestos heated to 400° C. (the tem- 
perature being regulated preferably by enclosing the tube in some 
form of hot-air jacket). White clouds of sulphur trioxide come 
over and may be condensed in a cooled receiver. 
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919. Properties. — Sulphur trioxide exists in three modifications : 

a-sulphur trioxide, which forms colourless ice-like needles. M.P. 
16*8® C. B.P., 44*9° C. 

j8-sulphur trioxide forms silky asbestos-like needles, which melt at 
32-6° C. 

y-sulphur trioxide, also a silky asbestos-like form which is obtained by 
very complete drying of j3-sulphur trioxide. It melts at 62-2° C. 
under 1,743 mm. pressure, but sublimes without melting at 
ordinary pressures. The question of the relationships of tht^se 
forms is not clearly settled. It seems that j8-sulphur trioxide 
may be itself a mixture of two ‘ asbestos-like ’ forms. 

Sulphur trioxide when heated decomposes in accordance with the 
equation 2SO3 ^ 2SO2 + Oj. It is a typical acidic oxide and the 
solid combines with water with almost explosive violence, forming 
sulphuric acid, SO3 + HoO = HgSO^. It combines also with basic 
oxides, producing sulphates, 

CaO + SO3 == CaSO^. 

It forms curious addition products with many elements, such as 

13(803)3, TeS03. 

The structure of the sulphur trioxide molecule is not certain. It may 
be I. giving sulphur a total valency group of twelve electrons as in SF® ; 




tp; 

q:- 




I. 


II. 


III. 


or II. giving sulphur a valency of four and valency group of 10 electrons ; 
or III. with a valency of two and a valency group of 8 electrons. The 
second formula is perhaps the most likely. 

920. Sulphur Heptoxide S 2 O 7 is formed by the action of the silent 
electric discharge on a mixture of sulphur dioxide and oxygen. It 
slowly decomposes into sulphur trioxide and oxygen. With watei 
sulphuric acid and oxygon are formed, 

2Sa07 + 4H2O = 4H2SO4 + Oj. 

920a. Sulphur Tetroxide SO 4 is formed by the action of the glow- 
discharge on a mixture of sulphur dioxide and oxygen (1 : 10). It is 
a white solid which decomposes above ~ 6° C. to sulphur heptoxide 
and oxygon. 


OXYACIDS OF SULPHUB 

921. Sulphoxylio Acid H 2 SO 3 . — ^This acid is not known in the free 
condition. Organic derivatives of it, however, exist. Sodium sulph- 
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oxylate is said to have been produced by the action of sodium ethylate 
on sulphur sesquioxide, and by the action of aqueous alkalis on sulphur 
monoxide. There is a good deal of doubt, however, as to the identity 
of the salts so produced. 

922. Hyposulphurous Acid (Hydrosulphurous Acid) H 2 S 2 O 4 . — ^When 
certain metals, for example zinc, dissolve in sulphurous acid, no 
hydrogen is evolved, and instead of a sulphite a hyposulphite is formed. 

Zn + 280^ = ZnS 204 . 

H 3 rposulphites are also prepared by the action of concentrated sodium 
bisulphite solution on zinc dust, sulphur dioxide being passed through 
the liquid, 

2 NaHS 03 4- SOj + Zn = Na 2 S 204 + ZnSO, + HgO. 

The solution is treated with lime, which precipitates the zinc as 
hydroxide, which is filtered oft. The filtrate is saturated with common 
salt, which diminishes the solubility of the sodium hyposulphite so 
much that it crystallises. 

The free acid is obtained by treating calcium hyposulphite with oxalic 
acid. It forms a yellow solution. This solution absorbs oxygen from 
the air, forming thiosulphuric acid, which soon decomposes into sulphur 
dioxide and sulphur. 

The hyposulphites (hydrosulphites) are of commercial importance as 
reducing agents for indigo-dyeing, lliey reduce copper, silver and gold 
salts to the metal, even reducing copper salts to copper hydride CuH,. 
Air quickly oxidises them to metabisulphites. 

2 Na 2 S 204 + 02 = 2 Na 2 S 205 . 

923. Sodium Hyposulphite is made on the large scale by the action of 
zinc on sodium bisulphite as described above. It is valuable for 
* stripping * dyes, i.e., bleaching dyed fabrics by its intense reducing 
action, and also for converting indigo into indigo-white, the soluble 
compound used in indigo dyeing. 

The properties of a hyposulphite may be demonstrated by preparing a 
concentrated solution of sulphur dioxide and adding to it granulated 
zinc, stirring from time to time After a quarter of an hour the solution 
will be found to reduce ‘ indigo sulphate ’ to the colourless reduction 
product. 

The name sodium h 3 q)osulphite was at one time applied to sodium 
thiosulphate. The substance which photographers buy and sell as 
‘ hypo * is sodium thiosulphate and not what the chemist now calls 
sodium h 3 q)osulphite. 

924. Thiosulphuric Acid and the Thiosulphates. — Thiosulphuric 
acid is unstable, but the thiosulphates are of considerable commercial 
importance. 

The thiosulphates are made : — 

(1) By boiling solutions of sulphites with sulphur. This is the 
method practically adopted, 

Na^SOg + S - Na^A- 

The preparation may be carried out by dissolving 60 gms. of crystal- 
lised sodium sulphite in 100 c.o. of water and adding 7 gms. of ^ely- 
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ground sulphur (not flowers of sulphur, which contain the unreactive 
amorphous form). The mixture is gently boiled for about two hours, 
water being replenished as it evaporates. When the sulphur has 
disappeared, the hot solution is filtered and evaporated till a specimen 
crystallises when cooled and seeded with a minute crystal of the 
thiosulphate. 

(2) By the action of caustic alkalis on sulphur (p. 614), 

(3) By the oxidation of soluble sulphides in air, 

2K2S2 + 3O2 = 2K0S2O3 
2K2S5 + 3O2 = 2K2S2O3 + 6S. 

(4) On the industrial scale crude sodium sulphide, which contains 
some carbonate, is heated with sulphur dioxide, 

2 Na 2 S + Na2C03 + 4SO2 = SNagSgOg + CO^ 


(5) Iodine reacts with an Na 

equimolocular mixture of \g \ 

sodium sulphide and sulphite, N ^ ^ 

yielding the thiosulphate. This 21 + = 2NaI + I 

reaction gives us the key to 

their structure, / 

-wau xinn 


We accordingly write the formula of sodium thiosulphate as 

NaSv 

>S02. 

NaO^ 


This formula would be that of the undissociated salt ; the thio- 
sulphate ion is to be regarded as 



or 


: 0 : 

S:S:6: 


Thiosulphuric acid is structurally analogous to the sulphuric acid, 
one oxygen atom being replaced by a sulphur atom. 

Undlssociated Undinsociated 
Sulphate. Thiosulphate. 

X 0 \ XSx 

>so* >so, 
xo^ 


or 


Sulphate ion. 

o, ,0 


Thiosulphate Ion. 

~o^ ^0" 
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Thiosulphuric acid is obtained by the action of acids upon a 
thiosulphate. It decomposes after a short delay to sulphurous 
acid and sulphur, 

HgS A = H2SO3 + S. 

The delay is duo to the formation of a complex of sulphur and 
polythionate. As the latter gradually splits up the complex becomes 
less soluble and finally precipitates. The thiosulphates crystallise 
well and are mostly soluble. When heated they decompose into 
polysulphides and sulphates, 

4 Na 2 S 203 = 3 Na 2 S 04 + Na2S5. 

The thiosulphates of the heavy metals decompose even when boiled 
in solution into sulphides, sulphur, sulphates, etc. 

Mild oxidising agents, such as iodine or ferric chloride, convert 
them into tetrathionates, 

2Na2S203 + I2 = 2 NaI + Na2S403 
2Na2S203 + 2FeCl3 = 2FeCl2 + 2 NaCl + Na2S40e. 

The reaction with iodine is used to estimate that clement (v. 1090 ). 

The action of strong oxidising agents, such as chlorine and 
bromine, ultimately produces the sulphate and sulphuric acid, 

NagSgOg + 4CI2 + 5H2O = Na 2 S 04 + H2SO4 + 8 HC 1 . 

The thiosulphates readily form double salts and complex ions, of 
which the most notable are the double sodium silver thiosulphates, 
which find a use in the fixing of photographs (§ 318 ). 

SuLPHUEic Acid 

925 . Historical. — Sulphuric acid was not known to the ancients, 
and it seems to have been first mentioned in the Latin works attri- 
buted to Geber. If we believe that these are the actual work of 
Jabir ibn Ha3^an we should place its discovery in the ninth century 
A.D. ; if, on the other hand, we believe, as most scholars do, that these 
Latin works are much later, we should place the discovery about the 
thirteenth century. It was first made by the distillation of alum, 
but later and more commonly by distilling ferrous sulphate, * green 
vitriol." The name oil of vitriol derives from this method of 
preparation. The equation for this process is 

2 FeS 04 . 7 H 20 = FegOg + SO2 + H2SO4 + ISH^O. 

Later sulphuric acid was prepared by burning a mixture of sulphur 
and nitre under a bell-jar containing a little water. Most of the sul- 
phur burnt to the dioxide but some trioxide was formed, and this 
with the water produced sulphuric acid. This process was gradually 



SULPHURIC ACID 


635 


developed into the lead chamber process for the manufacture of the 
acid. 

The manufacture of sulphuric acid is to-day an enormous industry, 
for in 1925 rather over 10,000,000 tons of the acid were produced. 

926. Occurrence. — Free sulphuric acid is not uncommonly found 
in mineral springs. It derives from the oxidation of pyrites in 
presence of air and moisture. 

2 FeS 2 + 2H2O + 7O2 = 2H2SO4 + 2FeS04. 

The waters of a Spanish river, the Rio Tinto, which rises from 
sources rich in pyrites, contain notable quantities of the acid 
together with ferrous and copper sulphate. 

927. Preparation. — Sulphuric acid is never prepared in the 
laboratory. Its preparation is not particularly easy, and acid of 
high purity is purchasable at a low price. 

Before discussing the methods of manufacture, it may be well to 
give a list of some of the reactions which are capable of producing 
the acid. 

Sulphuric acid is formed : — 

(i.) When sulphur trioxide combines with water. 

SO 3 + H 2 O = H 2 SO 4 . 

(ii.) When hydrated sulphates are decomposed by heat (§ 938), 

Al2(S04)3.18H20 = AI2O3 + 3H2SO4 + I5H2O. 

(iii.) When sulphates are decomposed by heating them with a 
non-volatile acidic oxide (e.gr., silica), sulphur trioxide is formed, 

CaS 04 + Si02 = CaSiOa + SO 3 , 

which may be made to combine with water. 

(iv.) The sufficiently vigorous oxidation of sulphur yields the 
acid (§ 894). 

(v.) The oxidation of sulphurous acid by almost any oxidising 
agent yields sulphuric acid (§ 916). 

(vi.) By the action of sulphuryl chloride or chlorsulphonic acid 
on water, 

SO 2 CI 2 + 2 H 2 O = H 2 SO 4 + 2HC1 

HSO 3 CI + H 2 O = H 2 SO 4 + HCl. 

928. Manufacture of Sulphuric Acid. — The vast bulk of the 
world’s sulphuric acid is made by oxidising sulphur dioxide by the 
Lead Chamber process (§ 929) or the Contact process (§ 930). The 
former produces about two-thirds of the acid manufactured in 
Great Britain. The reaction of calcium sulphate with sand or clay 
( (iii.) above) has been used, but not on an extended scale. 

929. The Lead Chamber Process. — The reactions on which the 
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Fig. 170. — ^Three -chamber plant for the manufacture of sulphuric acid. 
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lead chamber process depends are still somewhat in doubt, but the 
process is, essentially, as follows : — 

(1) A mixture of sulphur dioxide and air is produced by burning 
sulphur or iron pyrites, 

S + O2 = SO2 

4-FeS2 "4" 11 02 = 2 Ee 203 “f- 8S02* 

(2) The gases so produced are mixed in large reaction chambers 
with a small proportion of oxides of nitrogen in the presence of water 
in the form of fine sprays. It is probable that the nitrogen peroxide 
oxidises the sulphur dioxide to the trioxide, 

(a) SO2 + NO2 = SO3 + NO, 

and that this then forms sulphuric acid, which falls to the bottom of 
the reaction chambers, 

(6) SO3 + H2O = H2SO,, 

while the nitric oxide formed is reoxidised to nitrogen peroxide, 
w4uch again oxidises more sulphur dioxide, 

2NO + 02 = 2NO2. 

The nitrogen oxides act as a carrier of oxygen to the sulphur 
dioxide. They are not used up but are swept out of the chamber by 
the nitrogen of the air which was supplied to bum the sulphur or 
pyrites and to oxidise the sulphur dioxide. 

(3) The nitrogen oxides are removed from the issuing gases by 
absorption in sulphuric acid and then returned to the chambers. 

This simple theory is not ever3rwhere accepted, for it is often 
believed that an intermediate compound is formed It is true that 
if water is deficient, chamber crystals or nitrosyl sulphate 

[N 0 ]+HS 04 ~ 

are formed, which water decomposes into sulphuric acid and oxides 
of nitrogen. Others believe that nitroxysulphuric acid, H2N2SO3, 
is formed as an intermediate compound, but it does not, on the 
whole, appear necessary to assume any set of reactions more com- 
plicated than those detailed above. 

Fig. 170 shows a diagram of the plant used for the manufacture of 
sulphuric acid by the lead chamber process. 

Iron pyrites, broken into lumps, may be burned on grates, the air 
supply being so regulated that a mixture of nitrogen, sulphur 
dioxide and oxygen passes into the flue above the kilns, 

4 FeS 2 + IIO2 = 2Fe203 + SSOg. 

In modern practice, * smalls,’ i,e., powdered or crushed pyrites, 
may be burnt in a mechanical furnace (Fig. 170a), in which rotating 
rakes stir the mass so as to expose it to air. Instead of iron pyrites, 
sulphur, spent oxide from the gasworks (§ 651), zinc blende (§ 406), 
etc., may be used. 
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The mixture of gases is then led over the nitre-pot, in which a 
mixture of sodium nitrate and sulphuric acid slowly evolves nitric 
acid vapour. This is reduced to nitrogen peroxide by the sulphur 
dioxide. 

In place of the nitre-pot, most works use an arrangement for 
oxidising ammonia catalytically with platinum gauze (§ 738). . 

The gases then pass into a dust chamber, which is very necessary 
if ‘ smalls ' is burnt, but is omitted if lump pyrites or sulphur is used 
as the source of sulphur dioxide. The gases now pass into the 
Glover tower, which is built of acid-proof material, ‘ volvic lava,* 
lined outside with lead. The tower is packed with acid-proof stone- 
ware balls (or sometimes with flints or lumps of quartz). Down 
this tower flows sulphuric acid, containing dissolved nitric oxide, 
taken from the base of the Gay-Lussac tower, the function of which 
will be seen later. The hot gases at 300-500® C. expel the nitric 
oxide from the acid and carry the nitric oxide on into the lead 
chambers. This is oxidised by the oxygen in the gases to nitrogen 
peroxide. 

Some ‘ chamber acid ’ (c. 60 per cent.) is often run down the 
Glover tower in order to concentrate it, thus utilising the waste 
heat of the uprising gases. 

The gases now pass through tw^o or three lead chambers, each 
containing up to 50,000 cubic feet of gas. These are built of very 
pure lead in order to minimise corrosion, and are suspended from 
a wooden framework. In modern practice, space is saved by using 
large water-cooled vertical towers 45 feet high and 22 feet in dia- 
meter. Like the chambers, these must be constructed of pure lead. 

In the chambers the gases meet with fine sprays of water pro- 
jected from the roofs, and the reactions, already mentioned at 
the beginning of this section, produce sulphuric acid and nitric 
oxide, 

NOa + SOa + HgO - HgSO^ + NO, 

and the nitric oxide is again oxidised to nitrogen peroxide, 

2NO + 02 = 2 NO 2 , 

and the cycle of reactions is repeated until no sulphur dioxide 
remains. The gases, now consisting of nitrogen and nitric oxide, 
enter the Gay-Lussac tower, of construction similar to, though less 
robust than, the Glover tower. Down the Gay-Lussao tower 
trickles strong acid taken from the bottom of the Glover tower. 
This dissolves the nitric oxide, leaving only nitrogen to pass out 
to the chimney, which provides the draught which is the motive 
power of the gases. The acid, containing dissolved nitric oxide, is 
pumped to the top of the Glover tower. 

The acid which accumulates on the floor of the chambers contains 
60-65 per cent. HjSO^, and is either sold as such to manufacturers of 
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superphosphate (§ 372), ammonium sulphate (§ 690), nitric acid 
(§ 735), sodium carbonate (§ 235), etc., or, alternatively, is concen- 
trated, usually by evaporating it in pans made of a si)ccial alloy of 
iron and silicon. 

The contact i)rocess makes such good and pure concentrated acid, 
that the chamber process tends to specialise in the manufacture of 
the 60 to 65 per cent, acid for purposes where a cheap acid of this 
concentration is satisfactory. 

930. The Contact Process. — When a mixture of sulphur dioxide 
and oxygen is heated the gases combine to some extent, forming 
sulphur trioxide, 

2SO2 + 02^2803 + 22,600 cals. 

Since this reaction evolves heat, it follows, from the principle of 
Le Chatelier, that at high temperatures the yield of sulphur trioxide 
will be diminished. It is therefore desirable, in order to get the best 
possible yield, to work at a fairly low temperature. The rate of 
reaction is, however, very small if no catalyst is used. Platinum 
is, however, a very efficient catalyst, and it is found that, using 
platinised asbestos as a catalyst, practically 100 per cent, combina- 
tion of sulphur dioxide and oxygen can be quickly obtained at 
400-450° C. At lower temi)cratures the reaction is too slow, though 
in time a good yield is obtained, and at higher temperatures the 
maximum percentage of the gases which can be transformed into 
sulphur trioxide diminishes and above 1,000° C. becomes practically 
zero. 

The process then is as follows : — 

(1) A pure mixture of air and sulphur dioxide, free from dust, 
arsenic, chlorine and water, is prepared. The impurities mentioned 
‘ poison ’ the catalyst, i,e., destroy its activity. 

(2) The mixture is passed over platinised asbestos or some 
form of finely-divided platinum, the temperature being kept near 
450-500° C. The gases form sulphur trioxide, 

2 SO 2 + 02^2803. 

(3) The sulphur trioxide obtained is absorbed in concentrated 
sulphuric acid, to which water is added in a quantity so regulated 
that it just converts the sulphur trioxide into sulphuric acid, 

8O3 + H2O = H28O4. 

The process is carried out by burning sulphur, or iron 
pyrites as in the chamber process. The gas is then cooled and 
thoroughly freed from dust by forcing it through scrubbers packed 
with quartz. It is then washed with dilute caustic soda (insuffi- 
cient, of course, in quantity to absorb any serious quantity of sulphur 
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dioxide). These processes remove all dust ai d arsenic very efficiently, 
and on this removal depends the success of the j)roccss, for both dust 
and arsenic clog and ‘ poison ' the platinum catalyst, rendering 
it useless after some time. 

Other substances than platinum can catalyse the reaction of sulphur 
dioxide and oxygen. In the U.S.A. nearly half the contact acid is 
manufactured by passing tlio mixed gases over vanadium pontoxide. 
Iron oxide has also been used as catalyst. 

The gases (usually Ng, 83 per cent. ; Og, 10 per cent. ; SOg, 7 per 
cent.) then pass through a heat exchanger (Fig. 171), wherein they 
are heated up to the optimum reaction temperature (400-450 °C.) 
by the gases issuing from the converter. The gases then pass 
through a mass of material containing finely-divided platinum. This 
may be platinised asbestos (§ 1228) or some other substance {e.g., 
anhydrous magnesium sulphate) coated with platinum. Here the 
reaction to sulphur trioxide occurs, producing heat, and the gases, 
containing mainly nitrogen and sulphur trioxide, pass out, a part 



Fig. 17 1. — Tentolew converter for manufacture of suli)liur trioxide. 


going through the heat exchanger and heating up the entering gases. 
The sulphur trioxide on cooling forms a mist of fine particles, and 
these are difficult to absorb in water ; consequently the use of 
98 per cent, sulphuric acid as an absorbing agent is preferred. The 
acid flows down towers packed with quartz, up which passes the gas 
containing the sulphur trioxide mist. The solution of sulphur 
trioxide in sulphuric acid, known as * oleum,* is in great request 
in the synthetic dye and diug industry, and some half -million tons 
of it are sold as such. If it is required to produce ordinary sulphuric 
acid, water is added, with due precautions, to the oleum, 

SO3 + H3O = H3SO4. 

Very pure sulphuric acid may be made by cooling the concen- 
trated acid. Crystals of pure sulphuric acid, melting at 10° C. if 
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quite pure, separate out and may be drained from the mother liquor 
and allowed to melt. 

981. Formula of Sulphuric Acid. — ^The formation of sulphuric 
acid from sulphur trioxide and water shows its formula to be H 2 SO 4 . 
Its structural formula is demonstrated by the following facts. It 
contains two hydroxyl groups, for phosphorus pentachloride [q>v.) 
converts it into sulphuryl chloride, SOgCIg. 

These hydroxyl groups are symmetrical with respect to the re- 
mainder of the molecule, for otherwise two sodium potassium 

NaO. K0. 

sulphates, yS 02 and /SO 2 , would exist. 

KO^ 

The structure of the = SO 2 grouping may be , but is more 


\ V 




probably (v. infra). The formula | is unlikely as 

representing an unstable peroxide-like grouping. The formula for 
undissociated sulphuric acid is then 

HO O HO 

or more probably • 

HO^ ^0 HO^ O 

Ilie arrangement of the electrons is then 


: o : ; o : 

*. t s : : 

:or:o: 


The sulphate ion SO 4 — has the structure 


O" 


■^o 


:0; 


6:S: 

6 

’*:0: 



The double negative charge is occasioned by the fact that two elec- 
trons have been taken in from the basic radical of the acid or salt. 
One sulphur and four oxygen atoms have 30 valency electrons ; the 
above formula shows 32. 

988. Properties. — Sulphuric acid is a colourless liquid of oily con- 

T t ^ 
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sistency. It is odourless, though when heated it gives off choking 
fumes of sulphur trioxide and sulphuric acid vapour. In very 
dilute solution it has the pleasant sour taste common to acids. 

It has little or no physiological action when dilute. The strong 
acid is, however, intensely corrosive to all the tissues of the body. 
If swallowed it destroys the mouth, throat and stomach, and quickly 
causes death. It causes very serious bums if let fall on the skin. 
In case of such an accident the place should be instantly with 

vater — a little water is worse than none — and afterwards dusted 
with bicarbonate of soda, chalk or some other mild alkali. 

Sulphuric acid, when pure, has a density of 1*84. When diluted 
there is a considerable contraction in volume so that the 94 per cent, 
acid is as dense as tlie pure acid. 

Sulphuric acid freezes at about 10*5° C. when quite pure. The 
laboratory acid contains usually 2 per cent, of water and freezes at a 
much lower temperature — usually below 0° C. It boils about 
290° C. with decomposition, in consequence of which the boiling 
point finally rises to 337° C. 

Pure sulphuric acid does not conduct electricity, for it is not dis- 
sociated, but the addition of a very little water renders it conducting. 

Sulphuric acid readily dissolves sulphur trioxide, forming solutions 
known as fuming sulphuric acid, Nordhausen sulphuric acid or 
oleum. These have the properties of the concentrated acid in an 
accentuated degree. 

933. Chemical Properties. — Sulphuric acid decomposes when 
heated above 290° C., forming sulphur trioxide and water. These 
recombine on cooling : H2SO4 ^ HgO + SO3. At very high 
temperatures water, sulphur dioxide and oxygen are formed. 

The remaining properties of sulphuric acid fall under three 
headings : — 

(1) The action of sulphuric acid on water and on compounds 
which can furnish it by their decomposition. 

(2) The acidic properties of sulphuric acid. 

(3) The oxidising action of sulphuric acid. 

934. Sulphuric Acid and Water. — ^The behaviour of sulphuric acid 
towards water is interesting. When the two substances are mixed, 
a rise in temperature is at once noticed, and the mixture may reach 
a temperature of 120° C.,,This phenomenon may cause dangerous 
accidents, for if either the acid or the water when mixed are already 
hot, a violent ebullition of steam may eject the hot acid from the 
vessel on to anyone standing near. Even if the acid and water are 
both cold, this may occur if the error is made of pouring the water 
into the acid, for the rapid heating of the small quantity of water at 
first added may raise its temperature to the boiling point. If, how- 
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ever, the acid is poured in a thin stream into the well-stirred water 
no accident can occur, for the relatively large mass of water absorbs 
the heat formed, and by the time that much acid has been added the 
boiling point of the mixture will exceed any temperature reachwi. 
Always therefore pour the acid into the water. These considerable 
heat changes on dilution suggest chemical action ; but there has 
been doubt as to whether any compound of acid and water was 
formed. In favour of the existence of such a compound there is the 
following evidence : — 

(1) The heat evolved in the mixing is hard to account for on any 
other theory. 

(2) Crystals of the hydrates HgO . H2SO4 and 2H2O . H2SO4 have 
been isolated and also a hydrate H2SO4 . 4H2O. 

(3) Curves representing the variation of the melting points, 
specific gravity and vapour pressure of dilute sulphuric acid with 
composition give changes of inflexion at one or more points corre- 
sjionding to the compositions represented by these hydrates. 


According to the electronic theory of valency we may expect the first 
two hydrates to be formed, for the single oxygen atoms have a ‘ lone 
pair * of electrons which can act as valency electrons in a co-ordinate 
linkage. The hydrates 


HO^ -O HaO 


or 


:o: 

. . s . 


HO ^ 

and 

HO^ 


o . 

O ~>HoO 


HaO 


are to be expected. The hydrate H2SO4.4H2O may be 
HO ^O -> HaO 

HO^ 

Alternatively, the reaction may be the formation of the compoimd 
S(OH)e. 

HO OH 

HO O X/ 

+ 2H,0 = HO— S— OH 
HO-^ ^ /\ 

HO OH 

These hydrates are not stable compounds, for on heating dilute 
sulphuric acid water is given off until a composition of 98 per cent. 
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H 2 SO 4 is reached, when further heating merely causes this constant 
boiling mixture to distil over (cf. HCl, § 1065). » 

This action of sulphuric acid upon water makes it useful as a 
drying agent, for such gases and liquids as it does not attack. The 
drying is not complete, for the acid has a minute vapour pressure 
which is further increased as soon as the acid has become at all 
diluted. However, where intensive drying (§ 205) is not required 
sulphuric acid is the most convenient drying agent. 

Sulphuric acid reacts with numerous substances which can break 
up in such a way as to yield water, and combines with the water so 
obtained. Thus, from formic acid carbon monoxide is produced. 

CH 2 O 2 + H 2 SO 4 = CO + H 2 SO 4 . H 2 O. 

Other examples are the production of ethylene from alcohol (p. 414), 
the decomposition of oxalic acid (p. 423). 

Many organic substances are charred by concentrated sulphuric 
acid, i.e., converted into carbon, water and various oxidation pro- 
ducts. Thus sugar, starch, and the fibres of cotton and wool are all 
converted into a black amorphous mass. The destructive effect of 
the acid upon the skin, clothes, etc., is due to this cause. 

935. Acidic Properties of Sulphuric Acid. — Dilute sulphuric acid 
exhibits the typical properties of a strong acid (§ 161 seq,). It 
reddens litmus, conducts electricity, forms sulphates and hydrogen 
with most metals, converts basic oxides and hydroxides into sul- 
phates, etc. 

In the true sense sulidiuric acid is not one of the strongest acids, 
for it is considerably less dissociated in a solution of a given concen- 
tration than is hydrochloric or nitric acid. Thus 60*7 per cent, of 
the sulphuric acid in a decinormal solution appears to be dissociated, 
while in solutions of nitric and hydrochloric acids of the same con- 
centration 96*0 per cent, and 94*8 per cent, of the respective acids 
are dissociated. Sulphuric acid is, on the other hand, stronger 
than any acid except the above two. The Raman spectra of its 
solution show that the HSO 4 " ion is present in fairly strong 
solutions (c. 50 per cent.), but that at greater dilutions the SO4 — 
ion predominates. 

Dilute sulphuric acid reacts with all the metals ^ except antimony, 
bismuth, mercury, copper, lead and the noble metals, forming 
hydrogen and the sulphate of the metal, 

Zn + H 2 SO 4 = ZnS 04 + Hg. 

(Concentrated sulphuric acid does not however react with the 
metals at all in the cold, and when heated yields sulphur dioxide and 
other products (v, infra). 

^ A resistant oxide film protects aluminium, chromium and nickel. 
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936. Oxidising Action of Sulphuric Acid. — Dilute sulphuric acid 
has no oxidising action, but the concentrated acid, especially when 
hot, tends to oxidise substances according to the general equation, 

H2SO4 + -S' = H2O + SO2 + xo. 

Occasionally the acid is further reduced to sulphur or hydrogen 
sulphide. 

Thus sulphuric acid oxidises certain non-metals, e.g., sulphur and 
carbon, to their oxides, 

2H2SO4 -f C = CO2 + 2SO2 + 2H2O 

2H2SO4 + S = 3SO2 + 2H2O. 

Its action on the metals is of interest. The main products are 
the sulphate of the metal, sulphur dioxide, and water. It is prob- 
able that these arc formed as a result of the oxidation of the metal 
and the reaction of the oxide with the acid, 

Cu + H2SO4 == (CuO) + HgO + SO2 
(CuO) + H2SO4 = CUSO4 + H2O 

= CUSO4 + 2H2O + SO2. 

The theory is also advanced that the metal first forms sulphate and 
the hydrogen which then reacts with the acid. 

Cu + H2SO4 = CUSO4 + (2H) 

(2H) + H2SO4 = 2H2O + SO2 

Cu + 2H2SO4 = CUSO4 + 2H2O + SO2. 

This theory is less probable, in view of the fact that metals which 
are not known to yield hydrogen with acids under any circumstances 
— silver, mercury — are attacked by strong sulphuric acid with little 
less vigour than the metals which do yield hydrogen (but see § 278). 

The reaction of metals with sulphuric acid yields other by- 
products. 

Copper at lower temperatures (130-170° C.) in addition to the 
sulphate, forms some cuprous sulphide, the main reaction being 

6Cu + H2SO4 = HgO + CU2S + 3(CuO) 

3(CuO) + 3H2SO4 = 3H2O + 3CUSO4 

5Cu + 4H2SO4 = 4H2O + CugS + 3CUSO4. 

Above 270° C. the formation of cuprous sulphide no longer occurs 
and anhydrous copper sulphate, sulphur dioxide and water are the 
only products. 

Zinc, particularly if the acid contains a few parts per cent, of water, 
forms sulphur, as well as sulphur dioxide. 

3Zn -f- 4H2^04 = 3ZnS04 -f* 4H2O S. 
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Still more dilute acid produces hydrogen sulphide together with 
hydrogen. We may write the equation, 

4 Zn + 5H2SO4 = 4ZnS04 + 4H2O + HgS. 

The oxidising effect of sulphuric acid is noticeable in its reactions 
with bromides and iodides. Sulphuric acid oxidises a part of the 
hydrogen bromide formed by the first to bromine, 

H2SO4 + KBr = KHSO4 + HBr 
2 HBr + H2SO4 = 2H2O + Br2 + SO2. 

Iodides actually reduce the acid to sulphur and hydrogen sulphide. 

H2SO4 + KI = KHSO4 + HI 
()HI + H 2 S 04 = 4H2O + S + 3I2 
SHI + H 2 S 04 = 4H2O + H2S + 4I2. 


The oxidation of a compound by sulphuric acid is used commercially 
in the preparation of phthalie acid C8He04, from naphthalene CxoH,. 


H H 

/\ 

H ‘'1 

U H 


9H,SO, = 


HC 

I 


\ 


% 


% / 
ca 


C- COOH 

li 

c* coou 


*ioa,o*9sq^2co, 


Mercuric sulphate acts as a catalyst. 


937. Detection and Estimation 0 ! Sulphates and Sulphuric Acid. — 

The usual method is to bring the substance into solution, acidify with 
dilute hydrochloric acid, and add barium chloride solution. A 
white precipitate indicates the presence of a sulphate or sulphuric 
acid, 

BaCla + H2SO4 = BaS 04 + 2 HC 1 . 

The presence of an acid is essential, for many barium salts are 
insoluble in water, but only the sulphate and silicofluoride are in- 
soluble in hydrochloric acid. A confirmatory test consists in heating 
the substances on charcoal with sodium carbonate in the reducing 
blowpipe flame. If a sulphate is present, a sulphide is formed and 
the resultant mass will, when taken up in a little water, give a black 
precipitate with lead acetate, or discolour a silver coin. 

938. The Sulphates. — There are three classes of sulphates, acid 
sulphates or bisulphates, normal sulphates and basic sulphates. 

The only acid sulphatea of importance are those of the alkali metals, 
KHSO4, NaHS04. They are crystalline salts and behave in solution 
like mixtures of sulphuric acid and the normal salt. 

Heated alone to redness they decompose, yielding the normal 
mlphate and sulphuric acid, 

2 NaHS 04 = Na^SO* + HaS 04 . 



SULPHATES 


647 


They are further discussed under the heading of the metals in 
question. 

Normal Sulphates , — Most of these normal sulphates are freely 
soluble salts, well crystallised usually with water of crystallisation. 
Exceptions are lead and barium and strontium sulphates, which are 
practically insoluble, calcium and silver sulphates, which are spar- 
ingly soluble. Many bivalent sulphates crystallise well with water 
of crystallisation, and were known as vitriols, ‘ Lat. vitriolum, a piece 
of glass,’ from the fact that they were among the first transparent 
crystals known. Thus we have : — 

Copper sulphate CUSO4.5H2O . Blue vitriol. 

Ferrous sulphate FCSO4.7H2O . Green vitriol. 

Zinc sulphate ZnS04.7H20 . White vitriol. 

The sulphates readily form double salts, of which two classes are 
particularly notable. 

The first of these is the alums. 

The name alum is given to the double salt composed of the 
sulphates of a trivalent metal and the sulphate of a monovalent 
metal, crystallising with twenty -four molecules of water. 

M2'S04.M2"'(S04)3.24H20 
or M'[M'"(S04)2].12H20. 

The name is taken from potassium aluminium sulphate, the first 
known alum, but there is no need for there to be any aluminium in 
an alum. They crystallise very well in octahedral crystals. 

Common examples are : — 


Potash alum 
Ammonium alum 
Chrome alum . 

Iron ammonium alum 


K2S04.Al2(S04)3.24H20 

(NH4)2S04 . Al2(S04)3 . 24H2O 

K2S04.Cro(S04)3.24‘H20 
(^4)2804". Fe2(S04)3 . 24H2O 


Another set of double sulphates, the so-called false alums, consist 
of the sulphate of a monovalent metal, the sulphate of a divalent 
metal and six molecules of water of crystallisation. These may be 
represented as 

M'2[M"(S04)2].6H20 

or M'2S04.M"S04.6H20. 

Ferrous ammonium sulphate . FeS04 . (NH4)2S04 . BHgO 
Cupric potassium sulphate - CUSO4 . K2SO4 . GHgO 

The normal sulphates are of varying stability to heat. Those of 
the alkali metals and alkaline earth metals are stable. Those of the 
heavy metals are decomposed when heated, first into basic salts, 
then into the oxides and sulphur trioxide, 

CUSO4 = CuO + SO,. 
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Perrous sulphate is exceptional in forming also sulphur dioxide 
(§ 1160). When heated with carbon they are reduced, usually to the 
sulphide, 

BaS 04 + 4C = BaS + 4CO. 

939. Pyrosulphuric Acid H2S2O7 is prepared by the action of sulphur 
trioxide on sulphuric acid and is contained in fuming sulphuric acid. 
The acid crystallises as a solid, melting at 35° C. 

H2SO4 4- SO2 = H2S2O7. 

Definite salts, the pyrosulphateSy are formed, so the acid is probably 
not merely a loose compound, H2SO4.SO8. 

940. The Polythionic Acids. — ^The five acids of this series are of 
little practical importance. They have the general formula 

HAO., 

and the structure 

^SOa-OH 

^SOj.OH. 

The electronic structure of their ions appears to be 

: O : : O : 

: 6 : S : (S)^ : S : 6 : 

“rO: ‘ :0:** 

941. Dithionic Acid H 2 S 2 OQ is prepared by the action of sulphur 
dioxide on a suspension of ferric hydroxide nt 0° C. 

2Fe{OH)8 4- SHaSO., - Fe 2 (S 03)3 + CHjO 

^62(803)3 = FeSaOe + FeSOg. 

The addition of barium hydroxide to the mixture of ferrous dithionate 
and sulphite forms a precipitate of barium sulphite and ferrous 
hydroxide and loaves barium dithionate in solution. The latter is 
treated with the exact quantity of sulphuric acid necessary to precipi- 
tate the barium, filtered and evaporated in vacuo, 

BaSjOe 4 H2SO4 = BaS04 -f HgSgOe. 

The acid when warmed decomposes into sulphur dioxide and 
sulphuric acid, 

HjSjOe = H2SO4 + SO2. 

In the air it oxidises to sulphuric a^sid, 

2H2SaO« + 2H2O + 02 = 4H2SO4. 

The dithionates, when heated in solution or otherwise, form sulphates 
and sulphur dioxide, 

NajSjOe = Na2S04 + SO*. 

942. Trithionic Acid. — Potassium trithionate is prepared by the action 
ol sulphur on potassium bisulphite, 

6KHSO, 4 2S = 2K,S302 + KgS.O, + SHjO. 



POLYTHIONIC ACIDS 649 

The trithionates are also prepared by the action of persulphates on 
thiosulphates, 

K^SjOg + 2 KaS ,03 =- 2 K.,SO, + 

The free acid is obtained by the action of hydrofluosilicic acid on the 
potassium salt, insoluble potassium fluosilicate being precipitated, 

K^SgOe + H^SiFe ^ H^SjOe + Kz^iF, | . 

The acid readily decomposes to sulplmr, sulphur dioxide and sulphuric 
acid, 

HaSgOe - H2SO4 -f SO3 -f S. 

The trithionates are mild reducing agents, oxidised by air to sulphates, 
sulphur and sulphur dioxide, and the same products are formed when 
they are heated. 

943 . Tetrathionic Acid H2S4OQ. — The totrathionatos are prepared 
by the action of iodine on the thiosulphates (p. 634 ), 

2Na2S203 + I2 = Na2S40* + 2 NaL 

Lead thiosulphate is best used, 

2PbS203 + I 2 - PbTa I + PbS 40 ,. 

The insoluble lead iodide is filtered off and the lead tetrathionate treated 
with sulphuric acid, 

PbS 40 e + H2SO4 = PbS 04 I -f H2S40e. 

Tlie acid is filtered off from the insoluble lead sulphate. 

Tetrathionic acid is a strong acid, known only in solution. It 
decomposes when concentrated, 

H 2 S 40 e = H2SO4 + SOa + 2 S. 

The tetrathionates decompose similarly. 

944 . Pentathionic Acid £[28503 is formed when hydrogen sulphide is 
slowly passed into a nearly satiu’ated solution of sulphurous acid. Much 
sulphur and also other thionic acids are formed, 

5H2S -f IOSO2 = SHaSgOe -f 2H2O. 

It is freed from sulphuric acid by the addition of bariiun carbonate 
and is purified by filtration from sulphur. The filtrate is concentrated 
in vacuo. 

The acid and its salts all decompose on heating into sulphuric acid or 
sulphates, sulphur dioxide and sulphur, 

H2S5O3 = H2SO4 + SO, 4 - 3 S. 

945 . Hexathionic Acid HsSeO, appears to exist in the solutions 
described above as obtained from hydrogen sulphide and sulphurous 
acid. 

946. Persulphuric Acid H 2 S 20 g. — When sulphuric acid is electro- 
lysed only hydrogen and oxygen normally result. If, however, the 
solution electrolysed is ice cold and of strength about 50 per cent., 
and if the electrolysis is conducted with a high current density 
(600 amps, per sq. dm. of anode) persulphuric acid results. 

The bisulphate ions HSOg" are discharged at the anode and 
unite, forming HgSgOg, 

2 HSO 4 = HgSgOg. 
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The acid soon decomposes, forming Caro’s acid, which decom- 
poses to sulphuric acid and liydrogen peroxide, 

H^SaOg + H^O = H2SO5 + H2SO4 
H2SO5 + B ,0 - H2SO4 + H2O2. 

The persulphates are valuable oxidising agents. Potassium per- 
sulphate may be prepared by electrolysis of a solution of potassium 
bisulphate in a cell divided by a porous partition. The solution 
must be cold and the current density high, 

SOr” == SO4 + 2© 

K2SO4 + SO4 = K^SgOg. 

The potassium salt, being sparingly soluble, crystallises out. 

The persulphates are powerful oxidising agents. When heated 
in solution they form sulphates and oxygen. 

2K2S2O8 + 2H2O = 2K2SO4 + 2H2SO4 + Og. 

Heated alone they give off sulphur trioxide and oxygen. They 
readily oxidise most substances capable of oxidation. Ferrous salts 
are oxidised to ferric, 

2 FeS 04 + K2S2O8 == K2SO4 4 - ^02(804)3, 
manganous salts to manganese dioxide, chromium salts to chromates. 
Iodine is liberated from iodides. Their solutions dissolve many 
metals, 

^ K2SO4 “f* ZnS04. 

They are powerful bleaching agents, but are not used commercially 
on account of their destructive action upon the fibre of cloth, paper, 
etc. 

When treated with sulphuric acid, oxygen, together with some 
ozone, is liberated. 

947. Monopersulphuric Acid, Caro’s Acid H 2 SO 5 , is prepared by the 
action of sulphuric acid on potassium persulx^hate in the cold, 

H2SO4 + KaSjOg = H2SO5 + K2SO4 + SO3. 

It is better prepared by the action of 100 per cent, hydrogen peroxide on 
chlorsuli^honic acid iq.v,)^ 

HO. OH 4 Cl.SOjOH = HO.O.SO3.OH + HCl. 
Monopersulphuric acid is a crystalline solid. It readily decomposes in 
solution to hydrogen peroxide and sulphuric acid, 

HjSOg 4 HgO = H8SO4 4 HgOg. 

It is a very powerful oxidising agent. 

No monopersuli^hates am known. 

948. Acid Halides of Sulphur. — ^There are a series of acid halides 
of sulphur derived, as will be seen, from oxyacids of sulphur, by 
replacement of their hydroxyl groups by chlorine or other halogen 
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atoms. The chief halides of this type are the thionyl and sulphury! 
compounds. 


949. The Thionyl Halides. — These include : 

Thionyl fluoride ..... SOF, 

Thionyl chloride ..... fSOClj 

Thionyl bromide ..... SOBr^ 


Tho only one of those of any importance is thionyl chloride. 
Tliis substance is the acid chloride of sulphurous acid, 

/OH /Cl 

soc so( 

\OH \ci 


Sulphurous add. Thionyl dilorido. 


It IS made by tho action of phosphorus pentachlorido on sulphur 
dioxide, 

SO2 + PCI5 = SOCI2 + POCI3. 

or by tho action of sulphur trioxide on sulphur monochloride, which 
method is used on the commercial scale. 


SO3 + S2CI2 = SOCI2 4 * SO2 + S. 

It is a colourless liquid which emits pungent acid fumes ; it boils at 
78 *^ C. 

Thionyl chloride reacts with water, giving suli)hurous acid and hydro- 
chloric acid, 

SOCI2 + 2H2O = H2SO3 + 2 HC 1 . 

It finds a use in organic chemistry as a moans of replacing tho hydroxyl 
group by chlorine, 

X - OH + SOCI2 = HCl + SO2 + X - Cl. 


Tho reaction of thionyl fluoride and bromide are similar in character. 
950. The Sulphuryl Halides. — Sulphuryl fluoride SOgFg, Sulphuryl 
chloride SO2CI2. 

These may be regarded as the acid halides of sulphuric acid, 



OH 

OH 


SO 


/Cl 

*\ci 


Sulphuric acid, Sulpliuryl chloride. 


Sulphuryl chloride is made by the direct action of chlorine on excess 
of sulphur dioxide in presence of camphor saturated with sulphur 
dioxide, 

SO2 + CI2 = SO2CI2. 


Sulphuryl chloride is a colourless liquid of B.P. 69 ° C. With a little 
water it forms first chlorsulphonic acid, 

/Cl /OH 

SOa< -f HgO = SOjC" + HCl, 

\C1 \C1 


then with more water, sulphuric acid. 


SO 


/Cl 

*\ci 


+ 2 HaO = SO 


^OH 

*\0H 


+ 2Ha. 


Like thionyl chloride, it is used technically for making tho acid 
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chlorides of organic acids, being cheaper than phosphorus penta chloride, 
which is used for this purpose in the laboratory, 

2CH3COONa + SOjCla = Na^SO* + 2CH3.CO.Cl. 

Sodium acetate. Acetyl chloride. 

Sulphuryl fluoride is prepared by a similar method. It is a gas which 
reacts with water to form sulphuric and hydrofluoric acid. 

961. Pyrosulphuryl Chloride S2O5CI2 may be made by the action 
of fuming sulphuric acid on carbon tetrachloritlo, 

2SO3 + CCI4 = COCla + SaOgCIj. 

It is a liquid boiling at 153° C. It is decomposed by water, first to 
chlorsulphonic acid, then to hydrochloric and sulphuric acids, 

/OH 

S2O3CI2 + 2H2O - S02( + H2SO4 4- HCl. 

\C1 


952. Chlorsulphonic Acid SO 


*\ 


Cl 

OH 


. — The acid is best prepared by 


the action of phosphorus oxychloride on sulx)huric acid, 
/OH 

2S02< + POQg = HPO3 4- HCl + 2SO2; 

\OH 


OH 

Cl 


It is a colourless liquid which fumes in air. It boils at 151° C. and its 
vapour decomposes according to the equation 

2CI.SO2OH = CI2 -f SO2 + HgO 4- SO3. 

Water reacts violently with it, forming hydrochloric and sulphuric acids, 
Cl.SOj.OH 4- HaO = HCl + HaS04. 


Sulphur Halides 
The halides of sulj^hur include : — 


Sulphur hexafluoride .... 

. SF, 

Sulphur decafluoride .... 

• SsFio 

Sulphur monochloride .... 

. SjCl, 

Sulphur dichloride .... 

. S^Cl, 

Sulphur tetrachloride .... 

. 8 CI 4 

Sulphur monobromide .... 

. SjBr, 


There are no compounds of iodine and sulphur. 

968. Sulphur Hexafluoride SF^ is made by the direct action of 
fluorine upon sulphur. It is interesting in several ways. It is a 
gas, colourless and without smell. The chief points of interest 
about it are, firstly, tliat its formula demonstrates the sexivalency 
of sulphur very clearly and, secondly, that it is very inert chemically, 
not being attacked by water as are the other halides of sulphur. In 
this respect it resembles carbon tetrachloride and differs from all 
other non-metallic halides. The explanation of its remarkable 
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inertness is the same as that given for the inertness of carhon U^tra- 
chloride (§ 571), siilj)hur having a maximum eovalency of six. 

By fractionating liquid sulphur hexafluoride, the very stable deca- 
fluoride has been made. Lower fluorides, SF 4 , ete., probably exist. 

954. Sulphur Monochloride S 2 CI 2 may be made by the same 
method as is described for the making of phosphorus trichloride 
(p. 564). Sulphur is placed in the retort (Fig. 150) and is main- 
tained in the melted condition by gentle heating, using a sand-bath. 

On the commercial scale it is obtained as a by-product in the 
manufacture of carbon tetrachloride from carbon disulphide, 

CS2 + 304 = CCI4 + S2CI2. 

Sulphur monochloride is a yellow liquid with a peculiar unpleasant 
and irritating smell. It fumes in moist air. It boils at 138° C. 

Sulphur inonochloride is decomposed slowly by water ; thio- 
sulphuric acid, sulifliurous acid, sulphur, hydrogen sulphide, various 
thionic acids, and hydrogen chloride being formed. 

Sulphur monochloride readily dissolves sulphur. Its chief use 
is in vulcanising india-rubber, which is exposed to its vapour in a 
closed chamber or immersed in a solution of the chloride in benzene. 

It is probably a mixture of the forms 

Cl-S-S-Cl. 

955. Sulphur Dichloride SClg. — This substance is produced by 
saturating sulphur monochloride with chlorine, 

S 2 CI 2 + CI 2 = 2 SCI 2 . 

It is a dark red liquid which decomposes on heating into the mono- 
chloride and chlorine. 

956. Sulphur Tetrachloride SCI4 is prepared by the prolonged action of 
chlorine on sulphur monochloride at — 20° C. 

It is an imstablo substance, decomposing even at room temperature. 

With water hydrochloric and sulphurous acids are formed, 

SCI 4 + 3 H 2 O = HaSOa -f 4HC1. 

957. Sulphur Monobromide SaBrg is a red liquid obtained by dis- 
solving sulphur in bromine. Its reactions are similar to those of 
sulphur monochloride. 

No iodides of sulphur are known. 

SELENIUM Se, 78-96 

The element selenium shows a considerable resemblance to sulphur, 
bearing to the latter element much the same relationship as that of 
arsenic to phosphorus. 

Thus the acids derived from selenium are weaker and less stable than 
the corresponding acids derived from sulphur ; hydrogen selenide is 
less stable than hydrogen sulphide. 

958. Occurrence. — Selenium is widely distributed in Nature in small 
quantities, chiefly as metallic selenides. It is chiefly recovered from a 
deposit produced in the lead chambers of sulphuric acid plant. Selenium, 
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like sulphur, exists in several allotropic forms. One of these, which is 
crystalline in character, has the remarkable property of conducting 
electricity comparati'^oly well when exposed to light, but very feebly 
in the dark. This property has been utilised in numerous types of 
electrical and optical apparatus. 

969. Chemical Properties. — Selenium burns with a purple flame, 
forming selenium dioxide Se 02 - Heated in hydrogen it forms some 
hydrogen selenide, 

Se 4- Hj^HjSe. 

It reacts with fluorine, forming SoF^ and SeF*, and with chlorine, 
forming chlorides, SejCl^ and SeCl 4 . Sulphur and selenium appear to 
form only mixtures and no compounds. 

Nitric acid oxidises selenium to selenious acid HjSeOs. 

960. Atomic Weight of Selenium. — From the vapour density of its 
volatile compounds and the conversion of silver selenite Ag 28003 into 
silver chloride, the value 79*2 has been adopted. 

961. Selenium Hydride, Seleniuretted Hydrogen SeHj, is best made by 
the action of dilute hydrochloric acid on ferious selenide, 

FeSe + 2 HCI == FeClg + Sellj. 

It is a colourless gas of very unpleasant odour. It is a good deal more 
poisonous and fetid than hydrogen sulphide. It is soluble in water. 

It is readily decomposed when heated. If passed through a hot glass 
tube crystalline selenium is deposited, HgSe == So + Hg, on the cooker 
part of the tube. Selenium hydride biirns, forming water and selenium 
dioxide. Solutions of hydrogen selenide are easily oxidised in a similar 
manner to those of hydrogen sulphide, 

2SeH3 -f Oa == 2So + 2 H 2 O. 

It acts on solutions of metallic salts in much the same way as hydrogen 
sulphide. The selenides are formed by the action of hydrogen selenide 
on metallic salts or by the action of selenium on the metal itself. 

On the whole the selenides resemble the sulphides. 

962. Selenium Dioxide is prepared by evaporating a solution of 
selenious acid prepai’od by oxidising selenium with nitric acid, 

H^SeOa = HaO + S 0 O 2 . 

It is also prepared by heating the element in dry oxygen. 

Selenium dioxide is a white ciystalline solid which sublimes at 
c. 300° C. It dissolves in hot water, forming selenious acid. 

Selenium does not appear to form a trioxide analogous to sulphur 
trioxide. Its existence has been reported but does not seem to have 
been confirmed. 

Selenium dioxide is finding a rapidly increasing use as an oxidising 
agent in organic work. The reaction is SeOg -f 2 flj ~ Se + 2x0, 

963. Selenious Acid HaSeOs is prepared by the oxidation of selenium 
by nitric acid, 

Se + 4 HNO 3 = HaSeOs + HaO -f 4NOa. 

It crystallises in colourless prisms. It differs from sulphurous acid in 
that it is readily reduced to the element by organic compotmds, sulphur 
dioxide, etc. Selenious acid can also be oxidised by chlorine or bromine 
to selenio acid. The selenitea are very poisonous salts. 

964. Selenic Acid HaS604, — ^The acid is prepared by oxidising 
selenious acid, 

HgSeO. + Cl* + HaO = HaSoO* + 2HC1. 
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The solution may be evaporated in vacuo, and tlien solidifies as a colour- 
less crystalline solid. Selonic rxcid resembles sulphuric in its vif^orons 
action on water and its consequent corrosive ac;tion on organic matter. 
The dilute acid is remarkable in that it attacks gold and copper as well 
as other metals, forming selcnates. 

Selenic acid differs from sulphuric in the case with which it is decom- 
posed by heat below its boiling point, 

2Hj>Se04 - 2H2O -f SSeOg + Og, 
and in its r eady reduction to selenious acid or even selenium. 

The selcnates are isomorphous with the sulirhates, which they much 
resemble. 


TELLURIUIVI Te, 127-61 

965. Occurrence. — ^Tlio clement tellurium is fairly widely distri- 
buted, but usually in small quantity. It occurs as tollurides, such as 
bismuth tellurides BigTes, tetradymite, which is the commonest of 
these ores. 

966. Extraction. — The tclluride may be fused with sodium carbonate, 
forming sodium telluride, 

BinTcj -j- 3Na2C03 = Bi 203 -j- 3 GO 2 “h 3]Sra2To. 

The telluride is extracted with water and a current of air passed through 
the solution, which liberates tellurium as a grey precipitate, 

2Na2To + O 2 + 2 H 2 O =- 4NaOH -f 2Te. 

Allotropy . — Two forms of tellurium exist, a crystalline form and an 
amorphous foxm, prei)ared by precipitation. The latter form is 
unstable. 

967. Properties. — Crystalline tellurium has a definitely metallic 
appearance and lustre. It is very brittle. It melts at 452° C. and 
boils at a rod heat. 

Tellurium burns with a blue flame to tellurium dioxide. It is not 
attacked by oi-dinary acids but is oxidised by nitric and sulphuric acid 
to tellurium dioxide, etc. Chlorine converts the element into tellurium 
dichloride TeClg, and tellurium tetrachloride TeCL. 

Tellurium and its compounds are somewhat poisonous. They pro- 
duce in man a most unpleasing garlic-like odour of the breath and whole 
body. Chemists investigating certain compounds of tellurium have 
been almost excluded from society by the penetrating odour they exhale. 

968. Atomic Weight of Tellurium. — Reference to the periodic table 
(pp. 154, 155) shows that if that table were to bo drawn up in strict 
ascending order of atomic weight tellurium and iodine should change 
places, tellurium having an atomic weight of 127-5, while the figure for 
iodine is 126*93. Elaborate investigations wore carried out to search 
for some source of error, but the above figures are undoubtedly correct. 

Tellurium has numerous volatile compoimds ; the gram-molecular 
weight of these never contains less than about 127*5 gms. of tellurium. 
This is accordingly the approximate atomic weight which is confirmed 
by Dulong and Petit’s law. 

The exact atomic weight has been determined in very many ways, 
such as (1) by converting TeBr 4 tellurium tetrabrornide and TeBra 
tellurium dibromide into silver bromide. Tellurium dioxide has been 
oxidised to the trioxide by permanganate and the ratio TeOa : O thus 
determined, or reduced to tellurium and the ratio TeOg : Te determined. 
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From about sixty cliff oreiit sets of experiments a probable value of about 
127*61 emerges. 

Tlio work of Moseley and others showed that the place in the periodic 
table is j^iv’on by the atomic number, i.e.^ the difference between the 
number of jirotoiis and electrons in the nucleus. The atomic numbers 
do not necessarily, though exceptions are f(?w, follow in the same ordcu* 
as the atoinici weights. Tolturium consists actually of several isotopes 
of atomic weights, 126, 128, 130, and it is the preponderance of the 
second that gives it its anomalous atomic weight. 

969. Hydrogen Telluride TeH 2 may be prepared by the action of 
dilute acid upon zinc or magnesium telluride, 

ZriTe -f 2HCI = ZnCl^ + TeHg. 

The gas may bo separated from hydrogen by condensation in a freezing 
mixture. 

It is a colourless foul-smelling gas which condenses to a licpiid, boiling 
at 0° C. It is very unstable, and in other respects rt'sornhles hydrogen 
selenide. 

970. The Tellurides. — Tellurium forms tellurides when melted with 
various metals. Some resemble the sulphides and seleriides, while 
others, notably those of the heavy metals, rather resemble alloys. 

971. Tellurium Halides. — These on the whole resemble the halides of 
sulphur. They are decomj)osod by water into halogen hydrid(^s, 
tellurous acid, tellurium, etc. Certain double salts, such as KgToBi’e, 
cun be prepared in a crystalline state, but tellurium cannot be regarded 
as forming the basic radical in any true salt. 

972. Tellurium dioxide is prepared by similar methods to selenium 
dioxide (§ 962). It differs from the latter in being almost insoluble in 
water. With alkalis it foims tellurites. 

973. Tellurium Trioxide TeOj is obtained by heating telluric acid to 
redness. It is acidic in character. 

974. Telluric Acid H 2 Te 04 . 2H2O is often written H 2 Te 04 . It is, 
however, actually HaToOg, i.e., Te(OH)0. (The ordinary tellui-ates 
are usually written M2Te04.2H20, but tliero are also salts such as 
Na4Te05 . SHgO. The tiist should bo writtem M2H4TeOe and the socojid 
Na4H2Te04 . THjO.) It is prepared by dissolving tellurium in nitric acid 
and oxidising 

Te + HINOa = HjTeOa + HgO + 4NO2 
the tellui’ous acid with chromic acid, 

SHgTeOa + 2H2Cr04 + 6HNO3 + Kfi = 3HeTcOe -f 2Cr(N08),. 

The acid HgTeOa (formerly regarded as the dihydrate H2T©04.2H20) 
crystallises out. 

Tellui’ic acid is a feeble acid, quite unlike sulphuric ; it is readily 
reduced to tellurium by sulphur dioxide, etc. 

975. Survey of the Group VI. B. — The group, oxygen, sulphur, 
selenium, tellurium, is one which illustrates well the gradation of 
properties usual in a group of the periodic table. 

The Elements. — Oxygen, sulphur, selenium, tellurium, all show 
allotropy, but this is so common a phenomenon that it is not sur- 
prising. In physic al properties the boiling points, melting points 
and densities rise, with increasing atomic 'weight. The elements 
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are all bivalent. Chemically, the reactivity of the elements in 
general diminishes with increasing atomic weight, and their com- 
pounds become less stable ; the halides naturally being an exception 
to this rule, for compounds of halogens with non-metals are less 
stable than those with metalloids or metals. 

The Hydrides , — ^Water behaves in a manner quite exceptional. 
The properties of the hydrides, those of water being excepted, vary 
regularly with increase of atomic weight. Thus w^ater boils at 
100° C., while hydrogen sulphide, selemdo and telluride boil at 
— 61*8° C., 42° C. and 0° C. respectively. Water is an associated 

liquid and may be regarded as mostly (H 20 ) 2 , and naturally it is 
not comparable with the non -associated hydrogen sulphide, etc. 
(The relation of hydrogen fluoride, H 2 F 2 (B P- 10° C.), to the other 
hydrf)gen halides (B.P. from — 83° C.) is instructively analogous.) 

The Oxides , — The lower oxides of sulphur, selenium and tellurium 
are in each case acidic. As atomic weight increases, these oxides 
become more easily reduced and less easilj^ oxidised. Thus sulphur 
dioxide is a reducing agent, while selenium dioxide is a useful 
oxidising agent. The higher oxide of tellurium, TeO^, also is more 
easily reduced than sulphur trioxide. 

The higher acids, sulphuric, selenic and telluric, show a rapid 
falling off in strength and also a decrease of stability as atomic 
w'cight increases. 


V 
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CHROMIUM, MOLYBDKNUIVI, TUNGSTEN, URANIUM. 

976. Sub-Groups VI. A. — Group VI. A contains the important 
element chromium, and the somewhat rarer tungsten, molybdenum, 
and uranium . These elements resemble each other in that they have 
very variable valency. The highest valency in each case is six 
as shown in the trioxides and the fluorides, MoFg, WFg and UFg. 
They all form acidic trioxides, CrOg, MoOg, WO3, UO3, which form 
stable and important salts, the chromates, molybdates, tungstates 
and uranates. 

CHROMIUM Cr, 52 01 

977. Occurrence. — The element chromium occurs chiefly as 
chromite or chrome iron-ore, which is ferrous chromite FeCr204 or 
FeO.CrgOg. Lead chromate croemsite PbCr04 also occurs native. 

978. Extraction. — Chromium is prepared by two methods — 

(1) Electrolysis of its salts. 

(2) The aluminothermic method. 

The preparation by electrolysis is much in use for the purpose of 
chromium plating. A coating of chromium upon metal gives it a 
pleasing bluish silvery tint and has the advantage of requiring little 
or no cleaning. It is possible to obtain a coherent coating only 
under certain conditions. The plating bath may consist of a hot 
solution (40° C.) of chromium trioxide (250 gms. per litre) and 
chromium sulphate (3-5 gms. per litre). A lead anode is employed 
with a current density of 11 amp. per sq. dm. of cathode. 

The aluminothermic method may be applied in the laboratory 
by mixing well-dried chromium sesquioxide and aluminium powder 
in equivalent proportions in a large fire-clay crucible ^ packed in a 
bucket full of sand. The mixture is fired by means of a piece of 
magnesium ribbon inserted in the mixture. The reaction evolves 
great heat and the melted chromium runs to the bottom of the 
crucible, 

OgOg + 2A1 == AlgOg + 20. 

The addition of some potassium dichromate improves the yield by 
raising the temperature of the reaction. The proportions, OgOg 

1 A small crucible does not become hot enough for the chromium to be 
melted. 
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210 gms., K 2 Cr 207 60 gms., coarse aluiniiiium po\v<l(3r 96 gms., have 
been recommended. 

Chromium is a bluish white metal. It is very hard, pure 
chromium being harder than glass, and chromium containing carbon 
being only less hard tlian the diamond. It melts at a very high 
temperature, c. 1,920° C. The metal oxidises superficially when 
heated in air. 

Chromium is acted on b}?^ dilute hydrochloric acid, though slowly, 
2Cr + 6HC1 = 2CrCl3 + SHg. 

Concentrated sulphuric acid attacks it, forming the sulphate and 
sulphur dioxide. 

Concentrated nitric acid, however, renders the metal passive. 
This condition and its cause is discussed under Iron in § 1149. 

The alloys of chromium and iron are of considerable importance. 
Chrome steels are made by heating chromite and anthracite in the 
electric furnace, 

reCr 204 + 4C = Ee + 2Cr + 4CO. 

The resulting ‘ fcrro-chrome,’ containing 40 to 80 per cent, of 
chromium, is then added to the requisite quantity of melted steel. 
Chrome steel, containing some 2 to 4 per cent, of carbon, is intensely 
hard and tough and is used in engineering work. An alloy of 
84 per cent, iron, 13 per cent, chromium, and 1 per cent, nickel 
constitutes stainless steel, which is rapidly coming to the fore for 
numerous purposes. It does not rust and is at the same time of 
considtuablc strength. Chromium nickel alloys, which have a high 
melting point and are but little oxidised in air, are used for the 
windings of electric fires, etc. 

979. Atomic Weight of Chromium. — ^From the densities of volatile 
chromium compounds, e.g.y CrOaClg, and from the evidence of Dulong 
and Petit’s law, the atomic weight of chromium aj)])ears to be about 52. 
The chemical equivalent is about 17-3 in the chromium salts and half 
this value in the chromates. Its usual valencies are therefore 3 and 6. 

The most accurate detennination consisted of preparing pure silver 
chromate and dichromate. Those were reduced by sulphur dioxide or 
otherwise and the silver was precipitated with all modem precautions 
as the chloride. The ratios Ag 2 Cr 04 : 2AgCl and AgaCrgO^ : 2AgCl 
yielded figures of 52-04 for the atomic weight. 

980. Chromium Oxides. — Chromium forms four oxides : — 

Chromous oxide ..... CrO 
Chromium sesquioxide .... CrgOg 
Chromium dioxide .... CrOg 
Chromic anhydride .... CrOg 

981. Chromous Oxide CrO is prepared by the oxidising action of dilute 
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nitric acid on ehiomium amalgam. It cannot be made by heating 
chromous hydroxide, prej)aro{l by the action of alkalis on chromous salts, 
as it decomposes into chromic oxide, hydrogen, and water. 

982, Chromic * Oxide, Chromium Sesquioxide CrgOg. — Chromic 
oxide may be prepared by the action of heat on chromic hydroxide, 
obtained by the action of alkalis upon chromic salts, 

CrClg + 3KOH - Cr(OH )3 + 3KC1 

2Cr(OH)3 =:= + GHgO. 

It may also be made by reducing the dichromate in various ways. 
Thus potassium dichromate may be heated with ammonium 
chloride, 

KgCrgO^ + 2 NH 4 CI (NH4)2Cr207 + 2KC1 

(NH4).A207 ^ N 2 + 4 H 2 O + Cr^Og. 

The green residue is w'ashed free from potassium chloride and dried. 

Chromium sesqiiioxide forms a powder of a green tint. It is often 
used as a jjigment and is very permanent. Chromium sesquioxide is 
not deconxposed by heating nor is it reduced by hydrogen. Carbon 
at a white heat, however, reduces it to the metal. 

It is a basic oxide, but is only attacked very slowdy by acids. 
When fused wdth alkalis it dissolves, perhaps to a chromite, and if air, 
or better, some oxidising agent such as potassium chlorate, is present 
this becomes oxidised to the yellow chromate, 

OgOg + 2KOH = 2KCr02 + H^O 
4KCr02 + 4KOH + 3 O 2 = 4K2Cr04 + 2 H 2 O. 

983. Chromic Hydroxide Cr(OH )3 is obtained as a gelatinous 
precipitate when caustic soda is added in theoretical amount to a 
solution of a chromium salt, 

CrClg + 3NaOH = Cr(OH )3 + 3NaCl. 

The green chromic salts give a green hydroxide : the violet salts give 
a grey-blue precipitate which may be hydrated. The precipitate 
is filtered off, well washed, and dried. Chromic hydroxide decom- 
poses when heated to form chromic oxide. 

It dissolves readily in acids to form chromic salts and also to some 
extent in alkalis to a bluish solution. Chromites are probably not 
formed, for they cannot be isolated and the chromium will not 
diffuse through parchment. The solution is therefore probably 
colloidal chromic hydroxide. Chromic hydroxide in presence of 
alkalis is easily oxidised to chromate by bromine, hydrogen 
peroxide, etc. 

2Cr(OH)3+3Br2+10NaOH=2Na2CrO4+6NaBr+8H2O 

985. Chromium Dioxide Cr02 (or CrsOg) has been regarded as chromic 
chromate Cr^Oj.CrOa. Organic compounds of chromium have now 
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been discovered in which the element has a valency of four. It is 
possible then that the oxkle is truly CrOj, not CrgO®. It is formed 
by heating chromium sesquioxide in air, 

2Cr203 + 02^4 Ci02. 

It is also formed by the action of chromic acid on chromic hydroxide. 
It forms a black powder which decomposes at a led heat into the 
ses(|uioxide and oxygen. By the action of alkalis it is easily converted 
into chromium sesquioxide and a chromate. 

986. Chromium Trioxide, Chromic Anhydride CrOg. — Chromium 
trioxide is made by the action of sulphuric acid on potassium 
dichromate. 

The simplest method is to add cold concentrated sulphuric acid 
to concentrated potassium dichromate solution, stirring well. On 
cooling, dark red crystals of the trioxide appear. The liquid is poured 
off and the excess of moisture removed by pressing on a porous 
plate. The crystals may be washed with concentrated nitric acid 
(sp. gr. 1*46), in which they arc not soluble, and tlien gently dried on 
a sand-bath, 

KgCraO, + H2SO4 = K2SO4 + H2O + 2003. 

Chromium trioxide forms deep red prismatic^, needles. It melts 
at 103° C. When heated further it forms brown chromic chromate 
and gives off oxygen at 250° C., 

6 Cr 03 = 2 Cr 30 e + SOg, 

and on further heating yields chromium sesquioxide, 

4003 = 2Cr203 + 3O2. 

It is soluble in water, with which it combines, furnishing the ions 
Ci*04 , f Cr302o > ^*'4^13 ~ 

Cr03 + HgO ^ 2H+ + Cr04“ - 
2Cr04- - + 2H+ ^ CrgO,- - + H,>0. 

Cr 04 " ; CraO;- - + 2H^ ^ CrgO^,- “ + HgO 

Cr04" -T Crgbio" - + 2H+ ^ Cr40i3- " + lh,0 
Tlius in presence of acids (H+) solutions of chroniic anhydride form 
the orange dichromate ion together with the dark red tricliromato 
and tetrachromate ion, while alkalis produce the yellow chromate 
ion. 

The oxide is soluble in acetic acid and in ether. In solution in the 
former solvent it is a valuable oxidising agent in organic chemical 
practice. 

The oxidising powers of chromium trioxide are considerable. 
Alcohol bursts into flame when dropped upon it, and it oxidises all 
the ordinary oxidisable materials. 

These reactions are discussed under potassium dichromate. 
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987. Potassium Chromate and Dichromate. — These salts — the 
most important compounds of chromium — are manufactured direct 
from chrome iron ore. The ore, which is very hard, is stamped to 
fine powder and mixed with calcium carbonate. The mixture is 
calcined in presence of a good supply of air, and extracted with 
water and a little sulphuric acid, 

4CaC03 + 2 Cr 203 + SOg = 4CaCr04 + 4 CO 2 . 

The iron of the ore is left behind as oxide and the solution of 
calcium chromate so obtained is mixed with potassium carbonate, 

K2CO3 + CaCr04 == K2Cr04 + CaCOg. 

The potassium chromate solution is decanted and crystallised. 

Potassium dichromate is prepared by adding to the saturated 
solution of the chromate, prepared as above, the necessary quantity 
of sulphuric acid needed to bring about the reaction, 

2K2Cr04 + H2SO4 = K2SO4 + K2Cr207 + HgO. 

Since the dichromate is much less soluble than the sulphate or 
chromate, it crystallises on cooling. It is usually recrystalliscd. 

988. Potassium Chromate K 2 Cr 04 forms lemon -yellow crystals, 
very soluble in water (62 gms. at 15° G.,79 gms. at 100° C, in 100 gms. 
water). Both the chromates and dichromates are poisonous and 
may produce intractable sores on those who work with them con- 
tinually. When heated it does not decompose. Alkaline or neutral 
reducing agents rediice it to chromic oxide or hydroxide. 

Even weak acids convert it to some extent into dicJiromatc. The 
reaction is reversible. 

2Cr04~ + 2H+ ^ CrgOr’ + HgO. 

Thus the addition of an acid to a chromate changes it from yellow 
chromate to orange dichromate, while the addition of an alkali, by 
removing hydrion, changes the orange dichromate to the yellow 
chromate. 

Potassium chromate is not much used in the laboratory, the 
dichromate being more efficient for most purposes. It is, however, 
used in testing for lead, which gives a brilliant yellow precipitate of 
lead chromate, 

Pb++ + Cr 04 -- = PbCrO^ | 

and as an indicator in the titration of silver nitrate with chlorides, 
red silver chromate being precipitated as soon as all the chloride 
present has been converted into white silver chloride (§321), 

989. Potassium Bichromate K 2 Cr 207 . — This salt crystallises in 
large red tabular crystals. It melts at about 400° C., and on 
cooling solidifies to a mass which breaks up into small crystals. 
The best way to powder potassium dichromate is therefore to melt 
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it and let it solidify, when the resulting solid can be ground up with 
great ease. It is moderately soluble in cold water (10 gms. per 
100 c.c. water at 15 ° C.), and freely soluble in hot water (94 gms. 
per 100 c.c. water at 100 ° C.). 

Potassium dichromate is an excellent oxidising agent. The 
general reactions for its oxidising action are : — 

( 1 ) When acid is not present, 

+ 4H2O + 3 Z == 2 KOH + 2 Cr(OH )3 + 3 ZO 

( 2 ) In acid solution , 

KgCrgO, + 5H2SO4 + 3 Z == 2KHSO4 + Cr2(S04)3 + 4H2O + 3 ZO, 
or CrgOr - + 8 H+ + 3 Z = 2 Cr+ + + + 4H2O + 3 X 0 . 

Among its oxidising actions may be mentioned the oxidation of 
the hydrogen halides to halogen and water, sulphur dioxide to sul- 
phuric acid, hydrogen sulphide to water and sulphur, alcohol to 
aldehyde and acetic acid, ferrous salts to ferric salts. The equations 
for these reactions may be deduced by writing the equations for the 
reaction of the substance oxidised with three atoms of oxygen and 
adding it to the general reaction as given above. Thus in the last 
case we may write, 

2FeS04 + H2SO4 + 0 = Fe2(S04)3 + HgO 

6 FeS 04 + 3H2SO4 + 30 = 3 Fe 2 (S 04)3 + 3H2O 
General equation, 

KgCrgO? 5H2SQ4 = 2KHSO4 + Or2(S04)3 + 4H2O + 30 
Adding and deducting the 30 from each side, we obtain 

6FeS04 + 8H2SO4 + = 2KHSO4 + Cr2(S04)3 + THgO 

+ 3Fe2(S04)3. 

The matter is more simply performed by ionic equations, 

2 Fe+ + + 2 H+ + O = 2 Fe»- + + + HgO 
6 Fe+ + + 6 H+ + 30 = 6 Fe+ + + + 3H2O 

CrgOr “ + 8 H+ = 2 Cr+ + + + 4H2O + 30 
CrgOr - + 6 Fe+ + + 14 H+ = 6 Fe+ + + + 2 Cr+ + + + 

As a second example we may take its reaction with sulphur dioxide 
3SO2 + 3H2O + 30 = 3H2SO4. 

KgOgO, + 5H2SO4 = 2KHSO4 + Cr2(S04)3 + 4H2O + 30 
KgCrgO, + 2H2SO4 + 3SO2 = 2KHSO4 + (>2(804)3 + HgO. 

Potassium dichromate in contact with organic matter is sensitive 
to light. A mixture of gelatine, potassium dichromate and an 
insoluble pigment is used in the sensitive tissue employed in the 
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‘ Carbon Process * of photography. When exposed under a negative 
the portions exposed to light — ^the shadows — become insoluble in 
water while the protected i)ortions are not affected. Careful treat- 
ment of the tissue with warm water washes away these latter, 
leaving the w^hite foundation paper, but does not affect the parts 
which light has rendered insoluble. 

989a. Potassium Trichromate K2Cr30xo &nd Potassium Tetra- 
chromate K2Cr40x3 can be crystallised from solutions containing 
suitable proportions of chromium trioxide and potassium dichro- 
mate. They are dark red -brown salts. 

990. Sodium Dichromate is sometimes used in preference to the 
potassium salt, since it is far more soluble in water, 100 gras, of the 
salt dissolving in 100 gms. of water at 15® C. 

991. Lead Chromate PbCr04 is insoluble in water and is made by 
mixing a solution of a lead salt with that of a chromate, 

Pb+ + + Cr04 PbCr04 1 

Lead chromate is a bright yellow powder much used as a pigment 
under the name of * chrome yellow.’ Basic lead chromate is red in 
colour and is also a valuable pigment. It is formed by treating lead 
chromate with lime. 

Barium and zinc chromates have both been used as yellow pig- 
ments. They lack the fine covering power of chrome yellow, but 
are not blackened by hydrogen sulphide. 

992. Ammonium Dichromate (NH4)2Cr207 forms orange crystals 
w-hich, when heated, decompose, forming a very voluminous mass of 
chromium sesquioxide and evolving nitrogen (§ 679) and steam, 

(NH4)2Cr207 = N2 + 4H2O + Cr 203 . 

The salt only requires to be lighted with a match to bring about its 
somew^hat spectacular decomposition. 

993. Chromyl Chloride Cr02Cl2. — This interesting substance is an 
acid chloride analogous to sulphuryl chloride SOjCla- It is evolved as 
a red vapour when sulphuric acid acts on a mixture of potassium 
dichromate and a chloride, such as common salt, 

+ 4 NaCl + 6HaS04 = 2KHSO4 + 4NaHS04 -f 2Cr02Cla 
+ 3H2O. 

It is a deep-red liquid evolving a red vapour. It boils at 116 ® C. 

Added to water it decomposes, yielding chromic and hydrochloric 
acids, 

CrOjClj 4- SHaO = HaCr04 -f 2HC1. 

994. Potassium Chlorochromate KCrOsCl is derived from an acid 
analogous to chlorsulphonic acid (§ 952 ). Tliis acid does not exist in 
the free state. It is made by dissolving 50 gms. of potassium dichromate 
in a mixture of 66 c.c. concentrated hydrochloric acid and 50 c.c. water 
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without too much heating, and allowing the mixture to cool. It forms 
fine orange-red crystals. These decompose when gently heated, 

^KCrOaCl = K^Crfi, + Cr^Oa + 2KC1 + Clj + Oj. 

Heated witli sulpliuric acid it gives chrornyl chloride. 

995. Perchromic Acid. — Several pondiromic acids exist. The blue 
substance, formed by the action of hydrogen peroxide on an acid 
solution of a dichromaic, was formerly thought to be perchromic acid 
HgCrOg, but recent work indicates that it is a peroxide CrOg, 

CrOa 4- 2H2O2 = CrOg + 2H3O. 

The deep blue solution decomposes hi a few seconds, but if it is shaken 
with other the blue corni)ouiid dissolves in the ethereal layer and is 
then fairly stable. On standing in acid solution it forms chromic salts 
and oxygen. 

Per(3hromates are cortahily formed by tlie action of hydrogen 
peroxide on alkaline solutions of chromates. Their formulae are not 
definitely settled. 

Salts of Chromium 

996. Chromoas Salts. — These salts, which contain divalent chromium, 
are not commonly met wdth. They have a blue colour, somewhat more 
violet in tint than that of copper salts. They are all powerful reducing 
agents, being leadily oxidised to chromic salts, 

2CrCl2 + 2HC1 + 0 - 2CrCl3 + HgO 
2Cr++ -f 2H+ 4- O = 2Cr+++ 4- H^O. 

They are oxidised by atmospheric air and by almost all oxidising agents. 

Chromous chloride is rnatio by heating chromic chloride in a current of 
dry liydrogeii 

Hj 4- 2CrCl3 = 2HC1 4- 2CrClj. 

Its solution may be prepared by reducing chromic chloride solution 
wdth zinc and hydrochloric acid. It is a white salt, forming blue 
hydrates and a blue solution, having the reducing properties of chromous 
salts. 

Chro^mous sulphate CrSO^.THgO is usually prepared by the action of 
dilute sulphuric acid on chromous acetate (y. infra). It forms blue 
crystals, isomorphous with hjrrous sulpliate. 

Chromous acetate^ which is sparingly soluble, is readily made by the 
reduction of chromic salts. A good method consists of reducing a 
solution of potassium dichromato with pure zinc and hydrochloric acid 
in a flask with cork and tubes arranged as in Fig. 195. When reduction 
is ovtw the solution is blown by a stream of carbon dioxide through an 
asbestos or glass-wool filter into a solution of sodium acetate. The zinc 
clilorido is not precipitated, but the sparingly soluble chromous ewsetate 
comes down as red crystals, which may bo filtered off and dried in vacuo, 

CrCls 4- H = Ci€l2 4- HCl 
CrClj 4” 2NaA 4" ^ CrA2*H20 4* 2NaCl. 

Cliromous acetate is the starting point for the preparation of the other 
chromous salts. 
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997. Chromic Salts. — These, though at first sight resembling those 
of the other metals, are actually peculiar in their composition and 
behaviour. 

It has been found that some chromic salts are only partly ionised. 
They exist, too, in two modifications, green and violet, which behave 
differently towards various reagents. 

Thus, when green chromic chloride solution is mixed with silver 
nitrate solution only one4hird of the chlorine is precipitated as silver 
chloride, the reaction apparently being 

CrClg + AgNOg = CrClgNOg + AgCl, 
not as would be expected, 

CrClg + SAgNOg = Cr(N03)3 + 3AgCl. 

Again, chromic sulphate as obtained by the reaction of sulphur 
dioxide with chromic acid (cf. p. 667) at — 4*^ C., gives no precipitate 
with barium chloride and therefore yields no sulphate ion. Other 
sulphates, all having the apparent formula (^*2(804)3, precipitate 
one-third or two-tliirds of their sulphate. 

These salts obviously differ from the ordinary metallic salts in 
some way and the solution of the problem has been found by the 
study of the remarkable complex chromium compounds which are 
formed with ammonia, cyanides, etc. 

In brief, chromium forms a series of compounds, usually complex 
ions, by combination with six other groupings of atoms. These 
latter may be whole molecules, monovalent atoms, etc. 

The character of the grouping is determined by the number of 
electronegative or electropositive groupings it contains. The charge 
on the whole group is the sum of its constituent charges. Thus 
the grouping 

[Cr+ + + (C1-),(H,0)J 

has a single positive charge and the grouping 

[Cr(Cl 3 )(H 30 ) 3 ] 

has no charge and does not behave like an ion at all. The matter 
is further explained in §§ 999, 1235-1238. 

998. Chromic Chloride CrClg. — ^The anhydrous salt is of a pinkish 
violet tinge, and is made in various ways, as, for example, by the 
action of chlorine on the metal, but most easily by the action of 
sulphur chloride vapour on chromium sesquioxide, 

682013 + 2Cr203 == 4CrCl3 -f SSOg + 98. 

The ‘ violet ’ variety so obtained is hardly soluble in water unless a 
trace of the green chromic salt is present. 

A green hydrated salt is obtained by the action of hydrochloric 
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acid on chromic hydroxide. It forms a very deliquescent green 
mass. The pure green form is, however, best made by reducing 
chromates with hydrochloric acid and precipitating the salt by 
saturation with hydrogen chloride. The pure violet form can be 
made by heating a 50 per cent, solution of the green form to 80” C., 
cooling to 0” C. and saturating with hydrogen chloride. 

In solution both forms coexist in equilibrium. In dilute solutirtn 
the violet form predominates and in strong solution the green. 

A solution of the violet compound when treated with silver 
nitrate solution precipitates all its chlorine as silver chloride ; a 
solution of the green compound only precipitates one-third of its 
chlorine in this way. It is presumed then that only one-third of 
the chlorine in the latter is combined as in a true salt by an electro- 
valent linkage, and the two compounds, both of which have the 
empirical formula CrClg . GHgO, are believed to have the structure 

Violet Oreou 

[Cr(H20)e]Cl3 [Cr{H20)4ClJCl . 

The portions enclosed in the square brackets function as single 
groups, and, just as the cyanide groups in potassium fcrrocyanide 
K 4 [re(CN) 6 ] do not give the reactions of a cyanide, so the chlorine 
atoms enclosed in the bracket in the formula [Cr(H 20 ) 4 Cl 2 ]Cl do 
not display the usual properties of chlorides. This view is confirmed 
by the fact that the conductivity of the green form is less, indicating 
that it forms few^er ions. The lowering of the freezing point of 
water by the violet form is about twice that caused by the same 
proportion of the green form, also indicating that twice as many ions 
are given by the former. Finally the green form readily loses tw^o 
molecules of water in the desiccator while the violet form loses none. 

A third light green form has been prepared and seems to be 

[Cr(H20)5Cl]Cl2 . H 2 O. 

999. Chromic Sulphate 012(804)3. — The anhydrous salt forms 
bluish-red crystals. As in the case of chromic chloride (§ 998) there 
are violet and green hydrates. The latter are abnormal in behaviour, 
one hydrate, formed by saturating chromic acid with sulphur 
dioxide at — 4® C., not giving, when freshly prepared, any precipi- 
tate with barium chloride. 

A second green hydrate precipitates two-thirds of its sulphate, 
and another one-third under these circumstances. The violet 
hydrate behaves normally. 

The compositions of these hydrates are probably. 



Not precipitated by BaCl«. Two-thlrde of the ‘ sulphate ’ pre- 

cipitated by barium chloride. 
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(SO,), 

(H,0), 


] 


SO4. 


One-third of the 


)i the * sulphate * precipitated 
by barium chloride. 


Solutions of chromium sulphate probably contain all of these 
isomeric forms. 

A simple experiment will illustrate the peculiar character of these 
salts. If equal quantities of cold sulphur dioxide solution bo 
oxidised (a) by chromic acid, (6) by potassium permanganate, the 
solution of chromium sulphate gives only a slight precipitate with 
barium chloride, while the solution of potassium and manganese 
sulphate gives a dense white precipitate. 

1000. Chrome Alum, Potassium Chromium Alum, K2S04.Cr2(S04)3 
24H2O or KCr(S04)2 . 12H2O . — This, the commonest of the clirornio 
salts, is readily obtained b3^ reducing a solution of potassium 
dichromate and sulphuric acid with sulphur dioxidi^, oxalic acid, etc. 

It may be prepared in fine octahedra by dissolving 40 gms. of 
potassium dichromate in 120 c.c. of water and adding 10 gms. of 
strong sulphuric acid. The solution is cooled and saturated with 
sulphur dioxide until a test portion smells of the gas after standing. 
The alum crystallises on cooling. 

Chrome alum forms fine octahedra of a deep violet colour and 
isomorphous with the other alums (§ 938). The salt is soluble in 
water, 100 gms. of which dissolve 24*4 gms. of chrome alum at 25® C, 
The solution is violet, but w^hen heated to about 60® C. becomes 
green. The green solutions only crystallise with difficulty. Chrome 
alum behaves in general like a mixture of chromium and potassium 
sulphates. 

It finds a use in industry as a mordant in d^^eing and also for 
tanning leather. 

Sodium chrome alum NaCr(S04)2l2H20 and ammonium chrome 
alum NH4Cr(S04)2l2H20 are also known. 


1001. Chromic Sulphide CrjSs is not formed by the action of hydrogen 
sulphide on chromic salts. It may be made by the action of hydrogen 
sulphide on red-hot chromic oxide, 

CraOs + 3H2S = CraSj + SHjO. 

1002. Chromic Cyanide Cr(CN)a is a greenish-blue powder. Derived 
from it are a series of chromicyanides, such as K8[Cr(CN)t], analogous 
to the ferricyanides, which they resemble. 


1008. Detection and Estimation of Chromium. — ^The simplest test 
for a chromium comi)Ound is to mix it with sodium carbonate and a 
crystal of potassium nitrate on a piece of broken porcelain, and heat 
strongly. Chromium compounds form a yellow mass of chromate 
whieh dissolves to a yellow solution which, when acidified with 
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acetic acid and mixed with barium chioride, gives a light yellow 
precipitate of barium chromate. 

In solution chromium compounds may be added to a gently 
warmed mixture of caustic soda and hydrogen peroxide. This 
converts them to chromates, 

Cr2(S04)3 + GNaOH == 2Cr(OH)3 + 3Na2S04 
2Cr(0H)3 + SHgO + 4NaOH = 2Na2Cr04 + SHgO, 
wliich are detected by their yellow colour and also as below. 

Chromates are readily detected by their formation of the deep blue 
peroxide (§ 995). The cold solution containing the chromate 
acidified wdth sulphuric acid is covered with about 1 cm. depth of 
ether and an excess of hydrogen peroxide is added and the mixture 
is shaken. The deep blue peroxide dissolves in the ethereal layer. 
The test is a very sensitive one. 

1004 . Estimation. — Chromium, in the form of dichromate or 
chromate, may be estimated by titration with ferrous sulphate 
solution or, better, by adding a measured portion of an acidified 
solution containing the chromate to an excess of potassium iodide. 
The solution is then nearly neutralised and the liberated iodine is 
titrated with sodium thiosulphate, 

Cr04- " + 31“ + 8H+ = Cr+ + + + 31 + 4H2O 
Cr.Or - + GI- + 14H+ = 2Cr+ + + -f GI + THgO. 

In each case one chromium atom corresponds to three iodine atoms. 

If the chromium is present as chromic salt it may be oxidised with 
sodium hydroxide and hydrogen peroxide, any excess of the latter 
being removed by boiling. This solution can be acidified and 
treated as above. 

Alternatively, chromium may be determined graviraetrically by 
precipitating it with ammonia as cliromic hydroxide, igniting this 
and weighing as oxide. 

The precipitate of clxromium hydroxide so obtained is very slow 
to filter, and a more granular precipitate is obtained by boiling the 
chromium salt wdth, say, a nitrite, 

3KNO2 + CrCla ^ Cr{N02)3 + 3KC1 

Cr(N02)3 + 3 H 2 O = Cr(OH)3 | + 3 HNO 2 . 

MOLYBDENUIM Mo* 96*95 

The element molybdenum, in its general behaviour, resembles 
chromium. Its compounds are, however, less acidic in character 
and have, perhaps, an even greater tendency to form complex 
compounds. 
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1005. Occurrence. — The commonest ore of molybdenum is 
molybdenite M0S2. This was confused with graphite and galena, 
and the name molybdenite (derived from the Greek 
molybdos, lead) arises from this error. 

1006. Extraction. — ^IVIolybdenite may be roasted, forming the 
trioxide which is converted by ammonia into ammonium molyb- 
date. This, on heating, yields molybdenum trioxide, which may 
be reduced with aluminium powder as described under chromium 
(§ 978). 

1007. Properties. — Molybdenum is a moderately hard white metal. 
It melts at the very high temperature of 2,450® C. Its density is 
10-28. 

Molybdenum is oxidised slowly by air at a red heat to the 
trioxide 

2Mo + 3O2 == 2M0O3. 

Chlorine attacks it at a red heat. 

The action of acids upon it is slow, but it is attacked by hydro- 
chloric acid, by nitric acid and by hot concentrated sulphuric acid. 

Molybdenum is now a metal of industrial importance, some 
250,000 tons of molybdenum steel being produced yearly. Metallic 
molybdenum is strong and has a very high fusing point. It is used 
for the supporting wires for the filaments in glow lamps ; also as 
windings for resistance furnaces. Steel containing some 0-15 per 
cent, of molybdenum, together with a somewhat larger proportion 
of chromium and manganese, is valuable as being of great strength 
and not being weakened by moderate degrees of heat. It is useful 
as a tool steel (cf . p. 672) and also for parts of structures built up by 
welding. An alloy known as stellite is used for high-speed lathe 
tools, which ai'e required to retain their cutting powers up to a red 
heat. A typical specimen might contain 20 per cent, of molyb- 
denum, 60 per cent, of cobalt, 10 per cent, of chromium, and 10 
per cent, of other metals, iron, manganese, etc. 

1008. Molybdenum Oxides. — Five oxides, Mo^Oj, MoOj, MojOg, 

MogOg and M0O3 exist. 

Molybdenum sesquioxide MogOg is basic in character. 

Molybdenum dioxide MoOg is probably complex in character, not 
being attacked by solutions of acids or of alkalies. 

Blue molybdenum oxide MogOg is interesting as being colloidal. It 
is obtained by the action of powdered molybdenum on a solution of 
molybdenum trioxido. It is a dark blue substance, dissolving to a blue 
colloidal solution. It has been used as a dye for silk and as a pigment 
for colouring india-rubber. 

1009. Molybdenum Trioxide MoOg is prepared by roasting molybdenite 
MoSg, 


2MoS, -f 70g =» 2MoO, 4- 480*. 
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The oxide is purified by dissolving it in ammonia, forming ammonium 
molybdate, removing copper, which also dissolves, with ammonium 
sulphide and igniting the ammonium molybdate. 

Molybdenum trioxide is a white powder, which becomes yellow when 
heated. It is soluble in water to a slight extent, forming an acid solu- 
tion. It is much less strongly acidic than chromium trioxide. With 
alkalis it forms the molybdates. 

Molyhdic acid HgMoO* can be prepared by the action of nitric acid 
on ammonium molybdate under certain conciitions. 

The Molybdates. — Few of these have the simple formula X2M0O4, 
where X is a univalent metal. The normal molybdates leadily 
foiTti complex polymolybdates. Thus the only common molybdate, 
ammonium molybdate, has the formula (NH4)4Mo7024 . 4H2O. At least 
four other ammonium molybdates exist but are not commonly met 
with. In all groui^s of the Peiiodic table the oxyacids become more 
complex as the atomic wfiight increases. 

The chief interest of ammonium molybdate is its use in detecting and 
estimating phosphorus. With solutions of phosphates it forms the 
yellow insoluble anrunonium phospho -molybdate. The process is 
described under phosphorus (§ 785). 

1010. Salts of Molybdenum. — ^No true salts of molybdenum are 
known. Chlorides of formula MoClj, MoClg, M0CI4, M0CI5, are known. 
They either form complex ions, as MoClg and M0CI3, or are volatile 
covalent compounds. 

Molybdenum sulphate is of doubtful existence, but an oxysulphate, 
Mo 20(*S04)2 . irHjO, is known. No other salts of molybdenum exist. 

TUNGSTEN W, 183*92 

1011. Tungsten, extraction and properties. — The most important 
mineral of tungsten is Wolframite, a mixture of iron and manganese 
tungstates (Fe, Mn)W04 and Scheelite, calcium tungstate 0aW04. 

Wolframite is decidedly magnetic and is separated by an electro- 
magnetic separator from the tin ores with which it is usually 
associated. In a simple type of magnetic separator the pulverised 
ore falls off a belt under the influence of a strong magnetic field, 
and is separated into two streams of particles, which collect into 
separate heaps, that containing the tungsten being the nearest to 
the magnet. 

Scheelite, calcium tungstate CaW04, is also a widely distributed 
ore. 

Extraction. — ^Wolframite may be roasted with alkali, when the 
reaction 

12FeW04 •+• fiNagCOg = 12FeO + 6CO^ + NaioWi204i, 

occurs. The soluble tungstate is dissolved out and treated with 
acid, when tungstic anhydride WO, is obtained. 

This is reduced in various ways, with carbon, zinc, aluminium, or 
calcium. 
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The metal is obtained in the state of powder and, being required 
as fine wire for the purpose of glow-lamp filaments, has to be got into 
a compact condition. As its melting point is about 3,300® C. it is 
impossible to make it compact by fusion. 

The powder is subjected to great pressure in a hydraulic press and 
is thus converted into bars which are compact enough to handle. 
These are heated to a high temperature in an atmosphere of hydro- 
gen ; the effect of this process is to make them strong but brittle. 
The metal is then mechanically hammered in vacuo at a temperature 
of about 1 ,500° C. It is then sufficiently tough to be drawn into fine 
wire. 

Very fine tungsten wire is used in the manufacture of electric 
lamps. The value of tungsten for glow-lamp filaments is due to its 
very high melting point, and its very slight volatility at high tem- 
peratures. The filament may be heated to about 2,100® C., but at 
higher temperatures it volatilises and blackens the glass of the lamp. 
If the lamps are filled with nitrogen or argon the increased pressure 
diminishes the volatilisation and the filaments may be made hotter, 
thus giving out a greater jjroportion of their radiant energy as light 
and less as radiant heat. 

Tungsten is a hard silver-white metal. It has the very high 
density of 19*3, and the remarkable melting point of 3,267 ± 30° C.,^ 
higher than that of any other clement except carbon. 

Tungsten is not oxidised below a bright red heat. It is attacked 
by chlorine at a red heat. Acids hardly attack the metal, even 
aqua regia having Httle or no effect. The resistance is due to the 
formation of a coating of oxide. 

Oxidising agents, such as fused potassium chlorate, oxidise it 
vigorously. 

Tungsten finds uses for electric lamp filaments, and as a substitute 
for platinum in electrical work where sparking is to be expected 
(switches, make-and-break contacts, etc.). Steel containing some 
16-20 per cent, of tungsten together with 3-5 per cent, of chromium 
is very hard and strong, and retains its temper at very high tem- 
peratures. It is therefore valuable for the cutting edges of high- 
speed lathe-tools. 

1012. Oxides of Tungsten. — ^Timgsten forms three oxides, WO^, 
WgOs, WO,. 

Tungeim dioxide WO, is obtained by reducing the trioxide with 
hydrogen. It is a powerfxil reducing agent. It appears to be basic 
but forms no well-defined salts. 

Blue timgsten oxide WjO, resembles the blue oxide of molybdenum 
in forming colloidal solutions. 

^ As might be elected, the figures given for so high a melting point are 
not altogether consistent. 
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Tungsten trioxide, tungstic anhydride WO 3 , is best made by treating 
native calcium tungstate with concentrated hydrochloric acid, filtering 
off, rodissolving the oxide in arntnonia and evaporating to dryness, 
CaWO* -f 2HC1 - CaClg 4 - H 2 WO 4 . 

(NH 4 )ioWi 204 i - 12 WO 3 + IONH 3 + SHjO. 

It is a yellow powxier insoluble in water and acids, but soluble in 
alkalis, forming tungstates. 

1013. Tungstic Acid H 2 WO 4 is made by the action of hydrochloric 
acid on a tungstate. It is insoluble in water but forms colloidal sols. 
The tungstates resornblo the molybdates. 

Sodiuyn para-tungstate is an article of commerce, and has the formula 
NaioWi 204 i or SNagO. I 2 WO 3 . It has boon used for rendering cotton, 
etc., non-tniiammable. 

1014. Tungsten Compounds. - Like molyljdenum, tungsten forms no 

true salts. The dichlori<lo is polymoriscid in solution. The higher 

chlorides, WCI 4 , WCI 5 , WCI 4 , are all decomposed by water. The 
sulphide, WS 2 » is found as a soft black mineral. Various phosphides, 
borides and carbides exist. 

URANIUM U, 238 07 

The element uranium is interesting as being the element of the 
highest known atomic weight, and being the parent substance of a 
large number of radio*olements (v, p. 794 ). 

1015. Occurrence. — Uranium occurs as uranium oxide UgOg in 

pitchblende, as potassium uranyl orthovanadate K.U02(V04).3H20, 
carnotite, and as calcium uranyl phosphate in autunite Ca(U02)2 
(1*04)2 -SHgO, several other minerals. These ores are now of 

great value, since they arc the source of radium, for which a great 
demand exists. 

1016. Preparation. — ^Uranium is best made by heating a mixture of 
the oxide UgOg with aluminium. It may be prepared in a purer 
condition by the action of sodium on uranous chloride in a steel bomb. 

1017. Properties. — ^Whon compact it forms a white lustrous metal, 
but as obtained by reduction forms a black powder. Its melting point 
is about 1,800° C. Its density is 18*5. 

The element is fairly reactive, particularly when finely -divided. The 
powder burns in air, reacts with the halogens and sulphur and is attacked 
by acids. It appears to be rather less electropositive than copper. 

1018. Atomic Weight of Uranium. — Until Mendel 6 eff formulated his 
Periodic table uranium was thought to have the atomic weight of 120 
(O = 16). ^ There was no place for such an element, and Mendel^efl 
suggested the value 240 and the placing of the element with chromium, 
molybdenum and tungsten, to which elementi^it was chemically similar. 
The correctness of this value was confirmed by the Diilong and Petit’s 
law, and by the determination of the vapour densities of some of its 
halides. The most accurate determinations carried out by converting 
uranous bromide UBr 4 into silver bromide 4AgBr, gave tlie ratio 
UBr 4 : 4AgBr, from which U =5 238*19. The value 238*15 Is accepted. 
The value is interesting as being the highest atomic weight and also as 
being the atomic weight of a parent radio-element. 
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1019. Uranium Oxides. — There appear to be four oxides of 
uranium, UOg, UgO^, UgOg, UO3. 

Uranoufi oxide UO 2 is made by heating sodium uran ate with common 
salt and clu^rcoal or by reducing the green oxide, U^Og in a current of 
hydrogen. It is soluble in acids only with difficulty, and acts as a 
strong reducing agent. It was for long, like the oxide of vanadium VO, 
thought to bo Lhe metal itself, 

Urano-uranic oxide, green oxide of uranium, UgOg, is found in 
Nature as pitchblende. It is made by heating any of the other 
oxides to a strong red heat in oxygen, or by heating uranyl acetate. 

It is attacked by acids only with difficulty. 

Uranium trioxide UO 3 is yellow or reddish in colour. It may be 
prepared by heating uranyl nitrate in a current of oxygen at 500® C., 
2 U 02 (N 03)2 = 2 UO 3 + 4 NO 2 + Oj. 

It is amphoteric in character, forming uranates with alkalis and 
uranyl salts (g.v.) with acids. 

IPhe uranates are well-dofinod salts of greenish yellow to reddish 
yellow colour. 

Sodium di-uranafe Na 2 U 207 . BHjO is prepared by adding caustic 
soda to a uranyl salt ; it is almost insoluble in water, 

2 IJ 02 (N 03)2 + GNaOH = Na 2 U 207 -f + 4 NaN 03 . 

The hexahydrated salt is known as uranium yellow and is used in 
colouring glass and porcelain. 

1020. Salts of Uranium. — There are two series of uranium salts, 
the uranous salts in which uranium is tetravalent, as in uranous 
chloride UCI4 ; and the uranyl salts, in which the basic radical is the 
divalent grouping UOg", as in uranyl nitrate U 02 (N 03 ) 2 . 

The salts commonly met with are those of the latter series. 

1021. Uranous Salts are unstable and readily oxidised to uranyl salts. 
They are therefore reducing agents. 

Uranous chloride UCI 4 is a dark green solid obtained by heating 
uranium in a stream of chlorine. It is a powerful reducing agent, 
forming uranyl chloride. 

Uranous sulphate U(S 04 ) 24 H 20 is prepared by the reducing action of 
alcohol on uranyl sulphate solution containing sulphuric acid, 

UOa(S04) 4- H 2 SO 4 - U(S04)a + HjO -f O. 

Uranous nitrate does not appear to exist. 

1022. Uranyl Salts. — These salts are obtained by the action of the 
appropriate acid on uranium trioxide, 

UO 3 dr 2 HX = UOgXj 4- HaO. 

The basic radical (UOg)'*"'’ reacts as a whole in the same way as does 
(NH 4 )+ or other compound basic radical. 

The uranyl salts are remarkable for their fluoresemee* Viewed by 
transmitted light their solutions appear pale yellow, but seen against 
a dark background they have a ^e luminous greenish colour. The 
term fluorescent is used to describe a substance which emits light of a 
colour not present in the illuminating radiation. Thus uranium salts 
in solution emit a green light although they may be illuminated by, say. 
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a pure blue light containing no waves of the length corresponding to 
‘ green.* The light emitted is usually, but not invariably, of longer 
wavelength than the light incident on the fluorescent substance. 

They are also affected chemically by light, for mixtures of uranyl 
salts and oxidisable organic substances react in the light. 

Thus uranyl chloride and alcohol, when illuminated, give uranous 
chloride and aldehyde, 

UO2CI2 -f 2HC1 + C2H5OH - UCI4 + CH3.CHO + 2H2O. 

Uranyl salts are strongly poisonous. 

1023 . Uranyl Chloride UO2CI2 may bo made b3^ the action of hydro* 
chloric acid on uranium tiioxide UO3, 

UO3 + 2HC1 = UO2CI2 4- H3O, 

or by the action of chlorine on uranium dioxide. This latter reaction 
again shows the resemblance of the dioxide to a metal. It is a yellowish 
green crystalline substance very soluble in water. The solution is 
slowly hydrolysed, dex)Ositing uranic hydroxide. It forms well- 
inark(Hl double salts, such as potassium uranyl chloride KgiUO 3)014. 

1024 . Uranyl Sulphate UO2SO4 is obtained by the action of sulphuric 
acid on urano-uranic oxide, the uranous sulphate also formed being 
oxidised by nitric acid, 

UgOa -f 4 HaS 04 = 11(804)3 + 2UO3SO4 -f 4H3O 

0(804)3 + 2IINO3 = UO2SO4 -f H3SO4 -f 2NO3. 

It forms yellowish -green fluorescent crystals, which are moderately 
soluble in water. 

1026 . Uranyl Nitrate U02(N03)26H30 is the most important uranium 
compound. It is prepared by the action of nitric acid on any oxide of 
uranimn. 

It forms greenish -yellow fluorescent prisms. These have remarkable 
properties. They are triboluminescentf i.e., they give out flashes of 
light when crushed, rubbed or shaken. This phenomenon is given to 
a much smaller degree by sugar, two lumps of which, when rubbed 
together in the dark, give out a faint light. Uranyl nitrate crystals 
occasionally exi>lode violently, but this property is due to organic 
impurity. 

Uranyl nitrate is readily soluble in water, which dissolves about twice 
its weight of the nitrate. Wlion heated, uranyl nitrate gives off water 
and oxides of nitrogen, leaving uranic acid and uranic anhydride. 

1026 . Uranyl Acetate U02(C2H802)2 has boon used as a reagent for the 
precipitation of sodium. The salt sodium uranyl magnesium acetate is 
sparingly soluble in water, and on adding a saturated solution of uranyl 
acetate, mixed with an equivalent proportion of magnesium acetate to 
a solution of a sodium salt which is not too dilute, a yellowish crystalline 
precipitate, of composition 

NaC2H308.U02(C2H302)a.Mg(C2H302)2.9H20, 
gradually separates. Since its crystalline form is easily recognisable 
imder the microscope it affords a means of detecting sodium in small 
quantities of liquid. The salt sodium uranyl acetate, 
NaC3H303.U02(C2H302)2, 

is also sparingly soluble and used for the same purpose. 

1027. Radioactive Properties ol Uranium. — ^The radioactive properties 
of uranium are discussed in Chapter XXVl. 
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1028. The Halogen Group of Elements. — The elements, fluorine, 
chlorine, bromine and iodine, forming the group VII. B in the 
Periodic table, are known as the halogens or “ salt-forming ele- 
ments, the name arising from the fact that the last three are con- 
tained in sea water, which was at one time the chief ultimate source 
of chlorine, bromine and iodine. 

These elements form a very well-marked group, with clearly 
graded physical and chemical properties, which are further reviewed 
on p. 719. 

Their atomic structure is shown in the accompanying table : — 


Element. 

Electrons in Orbits of 

1 quantum. 

2 quanta. 

3 quanta, i 

4 quanta. 

5 quanta. 

Fluorine . 

2 

7 




Chlorine . 

2 1 

8 

7 



Bromine . 

2 

8 

18 

7 


Iodine 

2 

8 

18 

18 

7 


It will be seen that their atoms are characterised by an outer group 
of seven valency electrons, which, by receiving a single electron, reach 
the stable ‘ inert-gas * type. Thus they readily form 

Chlorine atom. Chlorine Ion. 

[2.8.7] [2.8.8]- 

ions with a single negative charge, F-, C1-, Br-, I-, and are therefore 
monovalent in their ionisable cornpoimds, the metallic halides. 

They have seven outer electrons, which can be shared with other 
atoms in their covalent compounds, and accordingly they can show 
valencies of three, five and seven in these cornpoimds (e.gr., IC1„ 1*0 5 , 
Cla 07 ). 

As the atomic weight becomes greater, the atomic radius becomes 
larger and the attraction of the positive nucleus exerted upon the outer 
negative electrons becomes less. Accordingly, fluorine ion F- is veiy 
stable, while iodine ion I- is very easily oxidised to free iodine. 

670 
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FLUORINE F. 19*00 

1029. Occurrence. — ^The element fluorine is probably found free in 
minute quantities in a variety of fluorspar found in Bavaria and 
known as ‘ Stinkfluss/ Its compounds are not uncommon. Those 

fluorspar, calcium fluoride CaFg, and cryolite, sodium alumi- 
nium fluoride SNaF.AlFa. Fluorides are found in small quantiticvS 
in native calcium x3hosphate {v. p. 336). Fluorides are present in 
the teeth and the element appears to be necessary for animal life. 

1030. Preparation. — Fluorine has proved itself one of the most 
difficult elements to isolate. The usual method for preparing 
chlorine, the oxidation of hydrogen chloride, will not work witli 
hydrogen fluoride. The electrolysis of diluted liydrogen fluoride 
is useless, for the liberated fluorine attacks the water, 


2 H 2 O + 4F = 2 H 2 F 2 -f O 2 , 


and the anhydrous acid is almost a non-conductor of electricity. 
It is, however, an ionising solvent, like water, and a solution of 
acid potassium fluoride KHFg in hydrofluoric acid is a good con- 
ductor, Fused potassium hydrogen fluoride also conducts freely. 
On electrolysis we have fluorine liberated at the anode and potas- 
sium and hydrogen at the cathode. The potassium immediately 
reacts with the hydrogen fluoride and re-forms potassium hydrogen 
fluoride, which again undergoes electrolysis. 

The materia] for the apparatus presented great difficulties, for the 
fluorine attacked every known substance. Platinum iridium alloy 
was at first used, but copper or Monel metal is now employed. This 
metal becomes coated with an insoluble i)rotective film of copj)er 
fluoride CuFj, and then resists further attack. The most reliable 
method is probably that of Dennis, Veeder and Rochow. 

They electrol 3 ’'sc perfectly dry fused potassium hydrogen fluoride 
KHFg between grajjhite electrodes. The reactions are : — 


Cathode 

Anode 


KF^K-*^ + F- 
J K + HF = KF + H 
{ H + H = H 2 
F -f F = F 2 


It is essential that silicon should be absent from the electrodes 
and the fluoride, in both of which it is commonly found. It forms 
a peculiar poorly-conducting glaze on the former and so slows down 
the electrolysis. The fluoride must bo wholly dry, as even traces 
of water greatly retard the evolution of fluorine. 

The cell is a heavy V-shaped copper tube of 2 inches diameter 
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fitted with copper caps into which the graphite electrodes (300 
X 5 mm.) are cemented by Bakelite cement baked at 300° C, which 
is resistant to fluorine. The cell is heated electrically and lagged 
with asbestos cement, A current of 5~10 amps, at 12-18 volts 



Fig. 172. — Preparation of fluorine. 
{From The Journal of American Chemical Society.) 


gives a free supply of fluorine which is purified from hydrogen 
fluoride vapour by absorbing the latter in U-tubes filled with 
sodium fluoride, NaF + HF == NaHFg. 

1031. Properties. — ^Fluorine is a pale greenish-yellow gas of pene- 
trating smell not unhke that of chlorine. It has been liquefied and 
boils at — 184° C. Its density indicates the formula Fg. 

Fluorine gas is intensely reactive and combines directly with 
almost all substances except oxygen and nitrogen. It combines 
with hydrogen with explosion even in the dark, forming hydrofluoric 
acid. Charcoal takes fire and burns in the gas. Bromine and 
iodine bum in the gas, as do sulphur, selenium, tellurium, phos- 
phorus, arsenic, silicon and boron. The fluoride formed corre- 
sponds as a rule to the highest valency of the element, SFg, PFg, 
SiF 4 , etc. Metals are attacked with vigour in most cases in the cold ; 
all metals react if gently heated. The highest fluoride is formed 
(CuFg, FeFg, PtF 4 , etc.). 

Fluorine also attacks most compounds. Water is decomposed, 
hydrogen fluoride being formed together with oxygen containing 
ozone, 

2F2 + 2H2O = 2H2P2 + O^. 

All organic compounds are attacked, usually bursting into flame and 
forming carbon tetrafluoride, hydrogen fluoride, and oxygen. Glass 
is not attacked if the fluorine is scrupulously freed from hydrogen 
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fluoride by freezing out all traces with liquid air. Fluorine displaces 
chlorine from its compounds, forming the fluorides, 

2KC1 + Fg == 2KF + CI 2 

CCI4 + 2F2 - CF4 + 2CI2. 

Fluorine acts as an intense oxidising agent. When it is led into an 
aqueous solution the oxygen produced possesses a degree of chemical 
energy, which is only paralleled by the oxygen evolved at the anode 
in a vigorous electrolytic oxidation. Thus it oxidises potassium 
chlorate KCIO 3 to the perchlorate KCIO 4 . The gas is accordingly 
finding some use as an intense oxidising agent. 

1032. Atomic Weight. — The atomic weight of fluorine has been found 
by various methods, including among the most accurate the determina- 
tion of the weight of calcium fluoride to be made from a given weight of 
calcium oxide. This determination rests on the value given to calcium. 
The weight of sodium chloride obtained from a given weight of sodium 
fluoride has also been determined. The value of 19*00 has been adopted. 

1033. Hydrogen Fluoride HgFg is prepared by the action of 
sulphuric acid on calcium fluoride, 

CaFa + H2SO4 CaS04 + HgFg. 

On the commercial scale a leaden retort heated on a sand-bath is used 
and the vapours are conducted into water, so forming a solution of 
the acid. 

To prepare the pure acid in the laboratory, a specimen of potas- 
sium hydrogen fluoride KHF 2 is dried with scrupulous precautions 
in a stream of hot well-dried air. It is then distilled in a copper (or 
platinum) distillation apparatus. The distillate is pure anhydrous 
hydrogen fluoride and may be collected in a copper bottle cooled in 
a freezing mixture, 

2 KHF 2 = 2KF 4- H 2 F 2 

The pure anhydrous acid does not attack copper, but the solution 
(commerical hydrofluoric acid) does so and is therefore kept in 
bottles of gutta-percha or hard paraffin wax (ceresin). 

1034. Properties. — Hydrofluoric acid is a colourless, very volatile, 
fuming liquid boiling at 19*5° C. The strong solution (50 per cent.), 
which is sold commercially, also fumes. The acid is poisonous, its 
vapour being very injurious to health. The density of its vapour 
(19-6, Hg = 1) indicates the formula HgFg. 

The solution of the acid when distilled, if stronger than 37 per 
cent., loses hydrogen fluoride, but loses water if weaker than 37 per 
cent. Acid of 37 per cent, strength distils unchanged at 120*^ C. and 
is a constant boiling mixture. Further details are given under 
hydrochloric acid (§ 1055). 

The anhydrous acid shows several points of resemblance to 
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water in its chemical and physical behaviour, and it is ‘ associated ’ 
like water (HjP,, (HjOlj). Its structure is probably 

H+[:F;H:F:]". 

Its boiling point is much higher than that of hydrogen chloride, just 
as that of water is higher than that of hydrogen sulphide. Both 
water and hydrogen fluoride are ionising solvents. From the 
chemical point of view anhydrous hydrofluoric acid combines in a 
remarkable way with sulphur trioxide and phosphorus pentoxide. 
It also combines with great vigour with sodium fluoride and potas- 
sium fluoride. Compare the ractions, 

NagO + HgO == 2NaOH 

NagFg + H 2 F 2 = 2NaF2H. 

Hydrofluoric acid is a weak acid, that is to say, it is not highlj^ 
dissociated. It is, however, stronger than such acids as acetic acid 
and nitrous acid, but weaker than phosphoric or sulphurous acids. 

Hydrofluoric acid in solution reacts vigorously with the metals, 
forming fluorides, but the cold anhydrous acid does not attack most 
of the metals. 

The action of hydrofluoric acid on silica and glass is of con- 
sidcrablo interest. When strong hydrofluoric acid acts on silica, 
silicon fluoride is formed, 

SiOg + 2H2F2 ^ SiF 4 + 2H2O. 

If an excess of hydrogen fluoride is present, as when silica is 
immersed in the acid, the silicon fluoride does not escape but 
forms hydrofluosilicic acid, 

SiF4 + H 2 F 2 - H2SiFe. 

The action on glass is similar. Ordinary glass may be regarded as 
NagSiOg + CaSiOg. These react with the strong acid, giving sodium 
fluoride, calcium fluoride and silicon fluoride, but with solutions of 
the acid sodium and calcium silicofluorides result. 

CaSiOg + 3 H 2 F 2 = CaSiFg + SHgO. 

NagSiOg + 3H2F2 = NagSiFe + SKfi, 

This effect of hydrogen fluoride on glass is utilised in glass etching. 
To engrave, say, the scale on a thermometer, it is coated with etching 
varnish ^ and the divisions are traced with a sharp point through the 
varnish. The scale is then placed in a deep vessel containing dilute 
hydrofluoric acid, and after some time is removed and cleaned, 
when the markings will be deeply etched. 

Opaque glass (frosted) is made by the action of the vapour of 

* A mixture of resin, turpentine and beeswax is satisfactory. 
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hydrogen fluoride or, much better, a solution of acid potassium 
fluoride in dilute hydrochloric acid. 

The reaction is used as a test for fluorides. The suspected 
fluoride is warmed in a leaden dish together with a little sulphuric 
acid. A recognisable mark is scratched on a glass plate coated with 
beeswax, and the plate is placed on top of the dish. After some time 
the wax is cleaned off, and if fluorides were present the form of the 
mark scratched in the wax is visible. A very faint frosting is 
revealed by breathing on the plate. 

The test described in § 602 may also be used, and is more con- 
venient though less delicate. 

1035. The Fluorides. — ^The fluorides of the metals much resemble 
the chlorides. We may note as points of difference the ready forma- 
tion of acid fluorides as KHFg and a general tendency to form double 
salts. Silver fluoride is soluble, while silver chloride is not ; calcium 
fluoride is not soluble, while calcium chloride is so. 

1036. Fluorine Oxides. — Three of these are known of formula 
FgO, FO and FgOg. A gas containing some 70 per cent, of fluorine 
oxide is obtained by passing a stream of fine bubbles of fluorine 
through 2 per cent, sodium hydroxide solution, 

2 F 2 + 2NaOH = 2NaF + F^O + H^O. 

This reaction with alkalis should be contrasted with that of 
chlorine, which forms a hypochlorite, NaOCl, and chloride, NaCl. 
No hypofluorites exist. 

Fluorine oxide is a gas with an irritating fluorine-like odour. It 
is sparingly soluble in water and is not decomposed by water or 
glajgs. It slowly reacts with caustic potash, yielding oxygen, 

F 2 O + 2KOH = 2KF + O 2 + HgO. 

It is a very powerful oxidising agent. 

Difluorine dioxide^ has been prepared by the action of an 

electric discharge on a mixture of fl',;orine and oxygen at 15-20 mm. 
prtjssuro and coolod by liquid air. It is a brown gas, which above 
— 100® C. decomposes to a mixture of fluorine and oxygen. 

1037. The Fluorates. — The electrolysis of a fused mixture of alkali 
hydroxide and fluoride yields a ])roduct from which fluorates are said 
to have been isolated. Silver fluorate, AgFOj, has boon described. 
They are powerful oxidising agents. 

CHLORINE Cl, 35-457 

1038. Eflstorioal. — ^The element chlorine was first made by Scheele 
in 1774, by the reaction of hydrochloric acid and manganese 
dioxide. He termed it dephlogisticated marine acid air, i.e., hydro- 
chloric acid from which the combustible principle, phlogiston (of 
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which hydrogen was then believed largely to consist) had been 
removed. Later, when the phlogiston theory had been exploded, 
chlorine was for some time thought to be an oxygen compound, 
oxymuriatic acid ; for it was believed that all acids contained 
oxygen, and, consequently, that chlorine, which with hydrogen 
made up hydrochloric acid, must contain oxygen also. This was 
doubted by Davy, who gave it its present name of chlorine,^ and 
after his researches in 1810 it was generally accepted as an element. 

1039. Occurrence. — The element does not occur free, but exists in 
enormous quantities as chlorides. These include sodium chloride y 
found as rock salt, and also in sea water ; potassium chloride or 
sylvine and potassium magnesium chloride or camallitey KCl, MgClg, 

found in the salt mines at Stassfurt. 

1040. Manufacture of Chlorine. — Chlorine is manufactured at the 
present time by two chief methods : — 

(1) Electrolytic methods. 

(2) The oxidation of hydrogen chloride. 

1041. Electrolytic Chlorine. — ^The electrolysis of sodium chloride 
solution yields considerably more than half the world’s chlorine. 
The products of the electrolysis are caustic soda and chlorine, 
and the methods arc fully discussed in § 230 (q.v,). 

The chlorine so obtained is freed from moisture by drying with 
sulphuric acid, and is then very pure. It is either used on the spot 
for the manufacture of bleaching powder, etc., or is liquefied by 
pressure. The handling of chlorine in a compression pump is 
difficult owing to its corrosive action on cylinders and pistons. 
The difficulty is overcome by using a column of sulphuric acid as 
the piston. The liquid may be stored in steel cylinders, which 
are not attacked by the dry gas. It is even transported for long 
distances in steel boilers mounted on wheels. 

1042. Weldon Process. — ^The action of manganese dioxide on 
hydrochloric acid is till used, though to a decreasing extent, to 
manufacture chlorine. Crude native manganese dioxide, pyrolusite, 
which is mined in Spain and other countries, is employed. The 
reaction, further discussed in § 1044, of this substance with hydro- 
chloric acid produces manganous chloride and chlorine, 

MnOg + 4HC1 == MnClg + 2 H 2 O + Clg. 

The manganous chloride is reconverted in the Weldon process to 
manganese dioxide, which is then used again and again. 

Hydrochloric acid is placed in a tank constructed of granite, and the 
manganese dioxide, which is recovered in the form of a thin mud, is 
allowed to flow in. Chlorine comes off and is carried by pipes to the 

i X\wp6s — greenish yellow. 
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place where it is required. The action is completed by blowing steam 
into the liquid. The solution of manganese chloride is then mixed with 
lime in tall iron cylindrical tanks. Air is blown through the warm 
mixture for some hours until the solid in suspension is fully oxidised. It 
is then allowed to settle out and when required is used to produce more 
chlorine. 

The reactions concerned in the recovery are probably — 

(i.) MnCla + Ca(OH)2 =: Mn(OH)2 -f CaCla 

(ii.) Mn(OH)a 4- Ca(OH )2 + O = CaO.MnOg + 2KJ0. 

Calcium manganite. 

The last reaction does not appear to be as simple as the equation 
would indicate, for the resultant mud varies in composition between 
Ca 0 .Mn 02 and Ca 0 . 2 Mn 02 , and it is probable that the so-called 
rnanganite is a mixture of the hydroxides. 

1043. The Deacon Process. — This process produces a much diluted 
chlorine very cheaply. If a mixture of air and hydrogen chloride at 
400''~450° C. is led over a suitable catalyst, which is usually cupric 
chloride, CuClg, chlorine and water are produced. 

4HC1 + 02^ 2 H 2 O + 2 CI 2 - 14,700 cals. 

Hydrogen chloride, which must be fairly pure, is mixed with air, 
heated to c. 220° C., and led into vertical cylinders packed with 
porous earthenware balls impregnated with cupric chloride. About 
60 per cent, of the hydrogen chloride is converted into chlorine ; 
the remainder is dissolved out of the gas in the manner described 
in § 1052. The chlorine ob- 
tained is mixed with about 
90 per cent, of nitrogen and is 
not pure enough for liquefac- 
tion. It can, however, be used 
for the manufacture of bleach- 
ing powder in special types 
of chamber. The process is 
a rather difficult one to main- 
tain at full efficiency, but 
owing to the cheapness of the 
materials it holds its own — 
particularly on the Continent. 

1044. Laboratory Prepara- 
tion of Chlorine. — Chlorine is 

usually prepared in the labora- ^lo, 173.— Preparation of chlorine, 

tory by the oxidation of 
hydrocliloric acid. As oxidising agents manganese dioxide or 
potassium permanganate are used, though several other oxidising 
agents, such as lead dioxide and nitric acid, are available. 

(1) To prepare considerable quantities of chlorine in the labora- 
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tory it is best to cover manganese dioxide, preferably in lumps, 
with hydrochloric acid, and heat gently on a sand-bath. The 
apparatus of Fig. 173 is suitable. The complete reaction is 
MnOg + 4HC1 = MnClg + + Clg, 

but it certainly takes place in two stages. Manganese trichloride 
and chlorine are formed even without heating, 

2Mn02 + 8HC1 = 2MnCl3 + 4H2O + Clg, 
and the manganese trichloride itself decomposes when heated into 
manganese dichloride and chlorine, 

2MnCl3 = 2MnCl2 + Clg. 

The gas so prepared contains hydrogen chloride and moisture. 
It should be washed with a little water and then dried with sulphuric 
acid. It may be collected by downward displacement or over hot 
water, but not over cold w^ater, in which it dissolves rather readily, 
nor over mercury, with which it reacts. 

A mixture of common salt, manganese dioxide and sulphuric acid 
is often used in place of hydrochloric acid and manganese dioxide, 

2NaCl + MnOg + 3H2SO4 = 2NaHS04 + MnSO^ + 2H2O + Clg. 

(2) The action of potassium permanganate on concentrated hydro- 
chloric acid yields the gas without heating. The former substance 
is now so cheap that the method is very convenient. The potassium 
permanganate may be placed in a flask and concentrated hydro- 
chloric acid allowed to drop on to it from a tap funnel. Towards 
the close of the experiment the liquid may be w^armed to decompose 
any manganese trichloride formed. The gas is washed and dried 
as in method (1), 

2KMn04 + 16HC1 = 2KC1 + 2MnCl^ + 8H2O + SClg. 

(3) An excellent practical method of preparing chlorine is by the 
action of an acid upon bleaching powder (q.v., § 1066). The apparatus 
shown in Fig. 177 may be employed. 

CaOClg + 2HC1 = CaClg + HgO + Clj. 

Compressed blocks of bleaching powder, which may be used in a 
Kipp^s apparatus, are now sold. 

(4) The action of hydrochloric acid upon red lead, lead peroxide, 
or potassium dichromate is occasionally used for the preparation of 
the gas, 

Pb304 + 8HC1 = 3PbCl2 + 4H2O + CI2 
PbOg + 4HC1 = PbClg + 2H2O + Cla 
KgOaO? + 14HC1 = 2KC1 + 2CrCl3 + 7H2O + 3CI2 

(6) The electrolysis of hydrochloric acid yields chlorine. The 
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apparatus of Fig. 155, which should be fitted with carbon poles, may 
be used. Little chloritio is evolved until the acid becomes saturated, 
2HC1 = + Clg. 

The electrolysis of solutions of chlorides is the most important 
process for manufacturing chlorine. 

( 6 ) Certain chlorides, notably magnesium chloride, decompose when 
heated in air. 

2MgCl2 + Oj = 2MgO + 201*. 

This reaction has been practically utilised. 

(7) The chlorides of gold and platinum decompose when heated to 
about 200 '" C., 

2 AUCI 3 =- 2Au + SClg. 

( 8 ) A mixture of hydrochloric acid (4 parts) with nitric acid 
(1 part) forms aqua regia. This liquid, when heated, evolves chlorine 
and nitrosyl chloride, and consequently will attack many substances 
not attacked by other acids, e.g., gold, platinum, certain metallic 
sulphides. The equation has been given as 

3HC1 + HNO 3 = 2 H 2 O + NOCl + CI 2 , 
but is doubtless more complex. 

(9) Hydrogen chloride may be oxidised by air in presence of a 
suitable catalyst. The Deacon process, described in § 1043, passes a 
mixture of hydrogen chloride and air over a catalyst consisting of 
a copper salt. 

The reactions are probably 

2 CuCl 2 = CU2CI2 + CI2 
CU2CI2 + O = CugOCls 
CU 2 OCI 2 + 2HC1 = HgO + 2 CUCI 2 
2HC1 + O - H 2 O + CI 2 

though doubt has been cast on this explanation of the process. 

1045 . Formula and Atomic Weight. — ^The atomic weight of 
chlorine has been determined by the very accurate researches of 
Richards described in § 70. That the atomic weight was approxi- 
mately 35*5 was shown by evidence drawn from the vapour densities 
of its compounds. The densities of its volatile compounds (chlorine, 
hydrogen chloride, chlorine peroxide, many volatile chlorides, and 
organic chlorinated compounds) show that one gram -molecular 
weight of the compound never contains less than 35*45 gms. of 
chlorine. % The figure is taken to show that chlorine has an atomic 
weight equal to its equivalent weight — 35*46 ; and this is confirmed 
by its position in the Periodic table and the use of the mass spectro- 
graph (§ 149). The density of chlorine gas is 35*5 (Hg = 1). Its 
molecular weight is 71, and its formula is Clg. 

It had been long thought remarkable that of all the elements of the 
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first two stoi c periods of the l^criodic table, Li to Cl, the latter was 
the only one which had an atomic weight not approximating to a 
whole number. The use of the mass spectrograph shows that 
chlorine is a mixture of isotojies of atomic weights 37 and 35. 
Attempts have been made to separate these isotopes by diffusion. 
When the gas is allowed to diffuse tlurough a fine hole or a porous 
plug the lighter isotope should pass through faster than the heavier 
in the ratio of v^37 : 1,003 : 1,000. Tliis difference in 

the rate of diffusion is so small that it is difficult to effect any con- 
siderable separation, though fractions of chlorine differing in atomic 
weight by 1 part in 8,000 have been obtained. The fractional 
diffusion of hydrogen chloride has proved more effective, for by 
fractionally diffusing the gas through porous pipe stems a specimen 
yielding chlorine of atomic weight 35*418 has been obtained. 

1046 . Properties of Chlorine. — Chlorine is a greenish -yellow gas 
with a very characteristic smell — ^pungent and suffocating. Even 
when highly diluted with air (c. 1 : 50,000), it causes serious injury 
to the lungs when breathed. It w^as used as a poison gas in the war 
of 1914-1918, being well adapted to this purpose by its high density, 
its cheapness and its j)oisonou8 qualities. Care is required in its use 
in the laboratory, and operations involving its use should be con- 
ducted in a good fume cupboard or the open air. It has a strong 
antisejitic action and forms a valuable disinfectant, its properties in 
this regard being probably due to the hypochlorous acid {q,v,)^ which 
it forms in contact with moisture. The density of the gas (35*46, 
Hg = 1 ; 2*46, air = 1) is the highest of those of the common 
gases. Chlorine is readily liquefied by compression or by cooling to 
a dark greenish-yellow^ liquid, which boils at — 33*6° C. It is com- 
monly sold as a liquid stored under pressure in steel cylinders. 
These are not attacked by dry chlorine. 

Chlorine gas is soluble in water, 1 volume of water dissolving 
2*37 volumes at 10® C., 3*04 at 0® C. Chlorine water, as the solution 
is called, has the smell, colour and taste of the gas. The chemical 
reactions between chlorine and water are discussed below. Chlorine 
readily dissolves in carbon tetrachloride, and the solution finds 
considerable use as a reagent. 

1047 . Chemical Properties. — Chlorine is highly reactive, being only 
less so than fluorine^ Among the non-metalUc elements, oxygen, 
nitrogen and carbon do not react directly with chlorine, but hydro- 
gen, boron, silicon, phosphorus, arsenic, sulphur, selenium, tellurium, 
fluorine, bromine, and iodine all react directly, forming the chlorides. 

Sulphur, phosphorus and arsenic bum vigorously in the gas. The 
particular reactions are to be found und^r the headings of the 
elements irx question. 
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The reaction between hydrogen and chlorine is of particular 
interest and is quite complicated in character. If a mixture of 
equal volumes of hydrogen and chlorine be allowed to remain in the 
dark no reaction occurs in the cold. If heated the gases explode, 
forming hydrogen chloride, 

Hg + CI 2 = 2HC1. 

If, however, the cold mixture of hydrogen and chlorine is exposed 
to a bright light, e.g.y that of the sun or of burning magnesium, they 
combine explosively. 

If the gases are placed in diffused light, such as that of an ordinary 
room, the effect is very interesting. No combination takes place for 
some hours, and then the gases begin to react and continue to do so until 
no chlorine remains. This inducMon period, when no reaction occurs, 
has been shown to be due to the presence of a negative catalyst or 
inhibitor, probably nitrogen chloride NCI 3, formed by the action of the 
chlorine upon traces of ammonia or nitrogen compounds contained in 
the water with which it has come into contact. This nitrogen chloride 
is destroyed by light, and until it has disappeared no reaction takes 
place. The rate of the reaction has been studied, and it is found that a 
quantum of light causes about half a million molecules to react. The 
reaction is evidently of the chain type. It has recently been shown 
that atomic chlorine brings about the reaction (§ 1049 a), and it has also 
been shown that the presence of moisture is not essential. These newly 
discovered facts support the theory originally suggested by Nernst 
that the light energy breaks up a chlorine molecule, 

CI2 + hp ^ Cl + Cl, 

quantum of light. 

and that the following series of reactions then repeats itself until it is 
brought to a stop, 

(1) Hj + Cl = HCl + H 

(2) H + CI2 = HCl -f Cl 

say by the chlorine or hydrogen atoms recombining or meeting some* 
thing reactive. 

Oxygen decreases the speed of the reaction because it breaks the 
chains by combining with H to form OH and finally HgO. 

Chlorine can be activated by exposure to ultra-violet light and then 
reacts with benzene in the dark and with sulphur in the cold. It is 
stated that a small decrease of volume occurs, and this may be due to 
the formation of Cl 3 molecules. 

The metals are all attacked by chlorine, and some, such as anti- 
mony, copper, tin, lead, iron, the alkali and alkaline earth metals, 
zinc and magnesium, burn in the gas. Where two chlorides exist the 
higher is usually formed, 

2 Fe + 3CI2 = 2 FeCl, 

Cu + CI2 = CuClg, 

unless it is markedly unstable. Dry chlorine is much loss reactive 
than the moist gas (§ 205 ). 
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Chlorine reacts with water. A solution of chlorine water contains 
hypochlorous acid, 

CI^ + HjjO^HCl + HOCl, 

and hydrochloric acid in small quantity. When exposed to light the 
hypochlorous acid decomposes, 

2 HC 10 = 2 HC 1 + O2, 

and so chlorine water on standing in the light is gradually converted 
into hydrochloric acid and oxygen, 

2 Cla + 2H2O = 4 HC 1 + O2. 

On cooling chlorine water to 0° C. pale yellow crystals of chlorine 
hydrate deposit. These have a formula which does not appear to 
be clearly known. Formulae between Cla.AHgO and CI2.I2H2O 
have been given and Clg.BHgO appears to be the most likely. 

Gentle w^arming decomposes the hydrate and liberates chlorine. 
The original liquefaction of chlorine by Faraday was performed by 
placing chlorine hydrate crystals in one 
end of a strong right-angled glass tube and 
coohng the other end with ice and salt. 
The chlorine hydrate crystals liberated 
about a hundred times their volume of 
chlorine, which, accumulating under high 

Fia. 174. Preparation of pressure in the tube, condensed as an oil 
liquid chlorine from 7 ,, , , 

chlorine hydrate. cold end. 

It is related that Dr. Paris, entering the 
laboratory, took Faraday, a younger man, to task for using oily and 
dirty apparatus. When the pressure was released the apparent oil 
disappeared in the form of chlorine gas, and Faraday had the 
pleasure of telling Paris that the ‘ oil * he had noticed was the 
hitherto unknown hquid chlorine. Chlorine is now liquefied by 
pumping it into cylinders under pressure (§ 1041 ). 

The hydrides of the non-metals in general react with chlorine, 
giving hydrogen chloride and the element which may or may not 
itself react with chlorine to form its chloride. 

Thus hydrogen sulphide yields hydrogen chloride and sulphur, 
which latter may react to form sulphur chloride, 

H2S + CI2 = 2 HC 1 + S 
2 S + CI2 = S2CI2. 

Ammonia 3rields nitrogen, 

8NH3 + 3CI2 = 6NH4CI + Ng. 

The numerous hydrides of carbon react in three different ways 
with chlorine. 




CHLORINE 


689 


Saturated hydrocarbons mixed with chlorine and exposed ta 
light form substitution products (see p. 406). 

CH 4 + CI 2 = CH 3 CI + HCl, 

in which one or more atoms of chlorine take the place of a corre- 
sponding number of atoms of hydrogen. 

Unsaturatcd hydrocarbons add on chlorine and form saturated 
compounds. Thus 

dig CH 2 CI 

II n'-Cl2= 1 

CH 2 CH 2 CI 

ethylene and chlorine form dichlorethane (ethylene chloride). 

Finally, any hydrocarbon, if ignited, will burn in chlorine, forming 
hydrogen chloride and carbon, 

CfiHo + 3 CI 2 = 6C + 6HC1, 

a red and very smoky flame being produced. Some hydrocarbons, 
such as turpentine, ignite spontaneously. 

Chlorine displaces bromine and iodine from their compounds with 
metals, 

CI 2 + 2KBr = 2KC1 + 

1048. Chlorine as an Oxidising Agent. — The element chlorine by 
itself can oxidise a substance by adding on to it chlorine and thereby 
imreamug the projjortion of non-nfietal contained in it. Thus ferrous 
chloride may be oxidised to ferric chloride, 

2reCl2 + CI 2 = 2FeCl3. 

Chlorine may also remove hydrogen from a compound and thereby 
decrease the proportion of electropositive elements contained in it — 
another method of oxidation. The oxidation of hydrogen sulphide 
to sulphur is an example of this, 

HgS + Cla = 2HC1 + S. 

Again, chlorine in presence of water actually adds oxygen to com- 
pounds, the general reaction being 

CI 2 + H 2 O + X = 2HC1 + XO. 

Examples include the oxidation of sulphites to sulphates, lead salts 
to lead peroxide. As an example we may take the first of these, 

CI 2 + H 2 O + NagSOg = 2HC1 + Na2S04. 

1049. Bleaching Action of Chlorine. — Chlorine bleaches many 
organic colouring matters. Colouring matters are usually fairly 
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unstable compounds, the colour of which often depends on a system 
of atoms containing double bonds, 

\ / 

C = C 

/ \ 

Chlorine oxidises such compounds readily. The gas only reacts in 
presence of moisture. It is chiefly used in the bleaching of cellulose 
(cotton and hnen), which is unharmed by the gas ; wool and silk, 
which are nitrogenous compounds, containing the — NHg grouping, 
are damaged, and are therefore bleached with sulphur dioxide. The 
usual method of bleaching is to pass the goods through a solution of 
bleaching powder, CaOClg, and then through a weak acid bath. 
Chlorine is formed within the fibre itself, and so bleaches it, 

CaCOla + H2SO4 == CaS04 + HgO + Clg. 

The method avoids the danger of handling gaseous chlorine. 

The bleaching of sulphur dioxide by reduction (q.v.) is in sharp 
contrast to the action of chlorine by oxidation, 

1049a. Atomic Chlorine, CL — By subjecting chlorine to an electrode- 
loss discharge (25,000 volts) a slight expansion occurs due to the 
formation of some 0*2 per cent, of atomic chlorine. This is highly 
reactive. Unlike dry molecular chlorine, it reacts with silver and other 
metals in the cold. It reacts with hydrogen oven in the dark, and the 
reaction, once started by the small proportion of atomic chlorine ^ will 
continue xmtil much of or all the molecular chlorine has reacted. This 
is strong evidence for the Nemst chain theory of the reaction of hydrogen 
and chlorine. 

1050. Detection of Chlorine. — ^Traces of chlorine are readily 
detected by their action on potassium iodide. Papers dipped in a 
mixture of solutions of potassium iodide and starch turn blue when 
traces of chlorine act upon them, liberating iodine, 

CI 2 + 2KI = 2KC1 + I 2 . 

Many other oxidising agents also liberate iodine. In larger quantity 
chlorine is detected by its action upon moist litmus paper, which is 
quickly bleached. 

Free chlorine is determined by passing it into an excess of potas- 
sium iodide solution and titrating the liberated iodine with sodium 
thiosulphate (§ 1090). 

HYDROGEN CHLORIDE 

1051. Hydrogen Chloride, Hydrochloric Acid, HCl. — ^The know- 
ledge of the solution of hydrogen chloride in water which was 
obtained by distilling sulphates with salt dates from the time of the 
Latin works attributed to Geber. 
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The gas hydrogen chloride has been known since the year 1727, 
when Stephen Hales noticed the production of a gas from sulphuric 
acid and salt. Priestley rediscovered the gas in 1772 and termed it 
marine acid air. When Lavoisier’s oxygen theory of acids was in 
vogue the name muriatic acid was given it. Later it was recognised 


hcl. HCL. 



as a compound of the elements hydrogen and chlorine and was 
termed hydrochloric acid. 

Occurrence . — Hydrogen chloride is occasionally found in the gases 
emitted from volcanoes. 

1052. Manufacture. — Hydrogen chloride is manufactured as a by- 
product in the manufacture of ‘ salt-cake ’ sodium sulphate (§ 235). 



Fig. 176. — Absorption of hydrogen chloride. 


The process has become less widely used now that the Leblanc 
process for the manufacture of soda has been displaced by the 
ammonia-soda and electrolytic processes. Common salt is placed in 
a shallow pan of thick iron, gently heated from below by flue gases, 
and sufficient sulphuric acid to convert it into normal sodium 
sulphate is run onto it from a pipe not shown in the figure. At the 
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temperature of the pan tliere occurs only the reaction to the acid 
sulphate NaHSO* 

NaCl + H2SO4 == NaHS04 + HCl. 

The hydrogen chloride is led off by the pipe A and dissolved in 
water as described below. The mixture of common salt and sodium 
hydrogen sulphate is then raked out into a muffle, above and below 
which circulate the hot gases from a small furnace. Here, at about 
500° C., a further reaction takes place and more hydrogen chloride 
is evolved, normal sodium sulphate being formed, 

NaHS04 + NaCl = Na2S04 + HCl. 

The gas escapes through the pipe B. 

The gases are led througli a series of from twenty to sixty receivers, 
the Cellarius t^’^pe illustrated being one of the best. Water flows in 
at one end and hydrogen chloride gas at the other. 

The M ater absorbs the gas and 
leaves the apparatus as concen- 
trat ed hydrochl oric acid . The fresh 
water comes in at the far end and 
so exerts its full solvent powers on 
the nearly exhausted gas, while the 
strong acid before passing out 
meets with the undiluted gas and 
becomes still further concentrated. 

Commercial hydrochloric acid 
contains some 32 per cent, of 
I-'io. 177.— Preparation of hydrogen chloride. 

hydrogen chloride. ^ ® ^ _ 

The manufacture of the acid by 
the direct combination of electrolytic chlorine and hydrogen is now 
much in use. The chlorine is burned in an atmosphere of hydrogen, 
silica-ware burners being employed. The resulting gases are 
absorbed as described above. The resulting acid is of very high 
purity. 

1053. Laboratory Preparations. — ^(1) Hydrogen chloride is ordi- 
narily made by the action of concentrated sulphuric acid on common 
salt. Other chlorides may be used in place of common salt but 
present no advantage. The reaction at temperatures below a red 
heat is such that the acid sulphate of sodium is formed, 

NaCl + H2SO4 = NaHS04 + HCl. 

The apparatus figured is convenient. The gas obtained by dropping 
concentrated sulphuric acid on well dried common salt is practically 
dry and pure, but may be dried over strong sulphuric acid if neces- 
sary, and collected over mercury or by displacement. Collection 
over water is impossible, as the gas is very soluble. 

Lumps of crystallised ammonium chloride may be used instead 
of common salt and provide an excellent laboratory method of 
obtaining a steady stream of the gas, which may be dried and col- 
lected as above. 
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(2) A useful practical method is the action of strong sulphuric 
acid on concentrated hydrochloric acid. The sulphuric acid is 
allowed to flow from a tube (bent as in the illustration) into concen- 
trated hydrochloric acid. The form of tube illustrated ensures 
adequate mixing of the acids and enables a steady stream of gas to 
be obtained. The hydrogen chloride is evolved and is dried and 
collected as described above. 

Other Methods. 

(3) The reaction between hydrogen and chlorire (v. p. 687) 
yields hydrogen chloride. The reaction is of explosive violence. It 
is, however, used on the commercial scale, where electrolytic 
chlorine is cheap. 

(4) The reaction of chlorine with many hydrogen compounds 
yields hydrogen chloride (v. § 1047). 

(5) The reaction of water with such chlorides 
as contain chlorine united with a non-metal, 
metalloid, or electronegative atom or group 
of atoms, usually liberates hydrochloric acid. 

Among such reactions we may number (a) the 
reaction of water with the chlorides of all the 
non-metals except those of carbon, 

PCI3 + 3H2O = P(0H)3 + 2 HC 1 . 

(6) The reaction of water with the chlorides 
of antimony and aluminium and tetravalent 
tin, 

SbClg + H2O = SbOCl + 2HC1. 

(c) The reaction of water with acid chlorides 
such as phosphoryl, sulphuryl and carbonyl 
chlorides, Fio. 178. — Preparation 

POCI3 + 3H3O = P0(0H)3 + 3HCI. I'ydrogon chloride. 

1054. Formula and Molecular Weight. — These matters are fully 
discussed in § 48, being fundamental in the study of molecular and 
atomic weights. 

1065. Physical Properties. — Hydrogen chloride is a colourless gas 
which fumes in air. The fuming is due to the fact that a solution of 
hydrogen chloride is less volatile than water, and consequently a 
mixture of water vapour and hydrogen chloride will condense to 
droplets of hydrochloric acid. It has an irritating smell and, in 
solution, an acid taste. The gas is poisonous, but much less so than 
chlorine. The concentrated solution in water is also poisonous in 
view of its intense corrosive action on the mouth and throat. The 
dilute acid is harmless and, indeed, some 0*4 per cent, is regularly 
present in the gastric juice secreted by the stomach. Hydrogen 
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chloride is heavier than air (sp. gr. 18*23, Hg = 1 ; 1-26, air = 1). 
It is liquefied by cold and pressure to a colourless liquid boiling at 
-85° C. 

Hydrogen chloride is very soluble in water. One volume of water 
at 0° C. dissolves 525 volumes of hydrogen chloride. The solution 
is known as hydrochloric acid (spirits of salt). The acid commonly 
sold has sp. gr. 1*16 and contains 32 per cent, of hydrogen chloride 
corresponding to a solution of about 237 vols. of hydrogen chloride 
at 15° C. in 1 volume of water. A stronger solution (sp. gr., 1*200) 
is sold as fuming hydrochloric acid and contains 39*1 per cent, of 
the gas. 

The solutions of hydrogen chloride are colourless liquids which, if 
they contain more than 20 per cent, of hydrogen chloride, fume in 
moist air. 

When strong solutions are heated the vapour contains a greater 
proportion of hydrogen chloride and a less proportion of water than 
the original solution. The solution thus becomes weaker. The 
vapour from weak solutions, on the other hand, contains a greater 
proportion of water and a less proportion of hydrogen chloride than 
the solution itself. Consequently these solutions become stronger. 
A solution containing 20*24 per cent, of hydrogen chloride at atmo- 
spheric pressure gives off a vapour also containing 20*24 per cent, 
of hydrogen chloride. Thus this solution, when evaporated, does 
not change in composition, and consequently its boiling point does 
not alter. It therefore follows that any solution of hydrochloric 
acid when heated gives off either water or hydrogen chloride until it 
contains 20*24 per cent, of the latter, when no further change takes 
place. This constant boiling mixture has the highest boiling point of 
any, in this case 110° C. This must necessarily be so, for any mix- 
ture which does not give off vapour of the same composition as itself 
will give off its most volatile portion and its boiling point will rise 
until it reaches the composition of the constant boiling mixture. 
Sulphuric acid, nitric acid, and the other halogen hydrides form 
such constant boiling mixtures. 

The composition of the constant boiling mixture varies slightly 
with the pressure. This shows that it cannot be a compound 
despite its apparently constant composition. 

Hydrochloric acid is a strong acid. Its degree of dissociation is 
referred to on p. 644. 

1056. Chemical Properties. — Hydrogen chloride does not burn in 
the usual sense. It reacts with free oxygen in presence of certain 
catalysts, such as copper salts, forming water and chlorine (v, 
§ 1043) 

4H01 + O, == 2HaO + 2a,. 
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It does not react with any of the other non-metals, except fluorine, 
which displaces the chlorine, 

2HC1 + Fg = H 2 F 2 + CI 2 . 

Hydrogen chloride reacts with the metals in a manner typical of 
an acid. When in the form of a gas, it reacts with the metals when 
they are heated ; in solution in water it attacks most of them in the 
cold. All the metals are attacked except gold, silver, mercury and 
the platinum metals. Copper is attacked only in presence of air. 
The lower chloride is usually formed together with hydrogen, 

Fe + 2HC1 == FeClg + 

The solution exhibits the usual properties of a strong acid. It 
reacts with the oxides and hydroxides of metals, forming the corre- 
sponding chlorides and water. 

Hydrochloric acid displaces most weak acids from their salts 
(cf. § 164). Thus carbonates, sulphides, sulphites, etc., are decom- 
posed, and the gaseous acid or acidic oxide is produced, 

NagCOg + 2HC1 = 2NaCl + CO^ f + H^O. 

If the acid is non-volatile it will be formed and may, if slightly 
soluble, bo precipitated, especially as the solubility of acids in a 
solution containing much free acid is slight (§ 118). Thus hydro- 
chloric acid precipitates boric, silicic and many organic acids from 
their salts. 

If the acid is neither volatile nor sparingly soluble it will be formed 
but will not be able to be isolated. Thus, when sulphates or phos- 
phates are mixed with hydrochloric acid the acids are undoubtedly 
formed but cannot bt^ isolated, 

Na 2 S 04 + 2HC1 ^ 2NaCl + H 2 SO 4 . 

Hydrochloric acid reacts with the stronger oxidising agents to 
form chlorine, the general equation being 

2HC1 + (0) = HjjO + Clg. 

Among the oxidising agents which will decompose hydrochloric 
acid are the peroxides, the dioxides of manganese and lead, the 
chromates, dichromates, permanganates, perchlorates, chlorates, 
nitrates. Most of these reactions are discussed in § 1044 in con- 
nection with the preparation of chlorine. 

1057. The Chlorides of the Metals. — ^The chlorides of each parti- 
cular metal are discussed under the heading of that metal ; but a 
general survey of their properties may be of value. 

The chlorides are usually well crystallised and are freely soluble 
in water with the exception of the chlorides of univalent heavy 
metals (Hg^Cl^, CujClg, AgCl, TlCl, AuCl). Lead chloride and 
palladous chloride are sparingly soluble. Their solubility is as a 
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rule much diminished by the presence of hydrochloric acid (v. § 118). 
They are the most volatile of the metallic salts and may often be 
sublimed. 

The chlorides of the metals, other than gold and platinum, are not 
decomposed by heat. Some of them react with water, forming 
oxychlorides. This is particularly the case with the metals with 
metalloid characteristics — tin, antimony and bismuth. 

With the exception of mercuric chloride they all react with 
sulphuric acid, giving sulphates and hydrogen chloride, 

CuClg + H 2 SO 4 = CUSO 4 + 2HC1, 

though the reaction between the very insoluble silver chloride and 
sulphuric acid is almost inappreciable. Nitric acid oxidises them, 
and repeated heating with nitric acid converts them into nitrates, 

ZnCla + 2 HNO 3 ^ Zn(N03)2 + 2HC1 
3HC1 + HNO 3 == 2 H 2 O 4 - NOCl t 4- Clgf. 

Other acids do not affect them. The reaction which is characteristic 
of the chloride ion, and therefore a useful test for hydrochloric acid 
and chlorides, is the formation of silver chloride. 

1058. Tests for Chlorides. — The suspected chloride is dissolved in 
w^ater and an equal volume of dilute nitric acid is added. If, on 
addition of silver nitrate solution, a white precipitate is produced 
which gathers on shaking into curds or flocks, which is soluble in 
ammonia and is reprecipitated by nitric acid and which turns blue 
in the light — a chloride is present, 

Ag+ + Cl“;F^AgCl. 

Bromides give a cream-coloured precipitate and iodides a pale 
yellow one. Neither of these turn blue in the light. 

A second useful test, particularly applicable to solids, is to mix 
them with an equal volume of manganese dioxide and warm with 
concentrated sulphuric acid. If chlorine is evolved, detected by its 
bleaching action on litmus, a chloride was present (see § 1044 ( 1 ) ). 

An interesting test consists of mixing the substance with ];)otassium 
dichromate and sulphuric acid. On warming, red vapours of 
chromyl chloride {§ 993) are evolved, 

+ 6 H 2 SO 4 + 4NaCl = 2 KHSO 4 4- SHgO 4 - 
4- 2002012 + 4NaHS04. 

These may be distinguished from bromine or nitrogen peroxide by 
passing them into caustic soda solution, when a ydlow solution of 
chromate results. 

1059. Oxides of Chlorine. — ^Chlorine forms six oxides, of which 
only chlorine dioxide is at aU commonly met with : — 
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Chlorine monoxide . . . , . CI 2 O 

Chlorine dioxide ..... CIO 2 

Chlorine trioxide ...... CIO3 

Chlorine hexoxide ..... ClgO^ 

Chlorine heptoxide ..... ClgO? 

Chloride tetroxide ..... (C 104 )^ 


The nomenclature is rather unsystematic. 

All these oxides are very unstable substances and highly explosive. 

Chlorine sosquioxide CI 2 O 3 has been described but appears to be a 
mixture of chlorine and chlorine dioxide. 

1060. Chlorine Monoxide CI 2 O is made by passing a slow current of 
dry chlorine over mercuric oxide contained in a tube kept cool by 
water, 

2 CI 2 -f HgO = HgClj + CI 2 O. 

The gas is condensed out by means of a freezing mixture. 

It is a pale orange-yellow gas. which readily condenses to a liquid 
boiling at 3*8® C. When heated it explodes at quite low temperatures, 
forming chlorine and oxygen, 

2 ClaO =* 2CI2 + Oj. 

It combines with water, forming hypochlorous acid (§ 1064), and 
CI 2 O + H 2 O - 2HOC1 

may therefore be regarded as hypochlorous anhydride. 

1061. Chlorine Dioxide CIO 2 is formed by the action of concen- 
trated sulphuric acid on a chlorate. The chloric acid (§ 1069) formed 
decomposes into perchloric acid, chlorine peroxide and water, 

KCIO3 + H2SO4 = KHSO4 + HCIO3 

• 3 HCIO 3 = HCIO 4 + 2 CIO 2 + HjO. 

No attempt should be made to collect the gas or even to make it 
in anything larger than a test tube, for the heat of the reaction is 
usually enough to cause it to explode. 

Chlorine dioxide is a brownish-green gas with an odour resembling, 
though distinct from, that of chlorine. It is liquefied when cooled 
to 0 ° C., forming a liquid boiling at 9° C, 

The gas explodes when heated to about 50® C., forming chlorine 
and oxygen. It is an extremely powerful oxidising agent, causing 
most combustibles to bm«t into flame. Thus a mixture of starch, 
stigar, sawdust, etc., with potassium chlorate, ignites when a drop 
of sulphuric acid is let fall upon it. 

Chlorine peroxide dissolves in water and probably forms chlorous 
and chloric acids, 

HgO + 2C102 = HClOg + HaOa. 

Passed into solutions of alkalis, chlorites and chlorates are formed. 

1061a. Chlorine Trioxide and Hexoxide. — ^The action of ozone on 
chlorine dioxide at 0 ® C. yields the gas chlorine trioxide ClgOg. The 
latter can also be made by the action of light on chlorine dioxide. 
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Its vapour contains the form OIO3. Chlorine hoxoxide is explosive. It 
soon breaks up at room temperature, >?iving chlorine dioxide, chlorine 
and oxygen. With water it gives chloric and perchloric acids, 

CljO« + HjO = HCIO3 4 - HCIO4. 

1062. Chlorine Heptozide CI 2 O 7 is obtained by the action of phosphorus 
pentoxide on perchloric acid, 

2HCIO4 + P.Os = CljO, 4 - 2HPOs, 
or by the action of chlorsulphonic acid on potassium perchlorate. 

Chlorine heptoxide is a colourless oily liquid, unstable and explosive. 
It may be purified by distillation in vacuo. It is an acidic oxide, com- 
bining with water to form perchloric acid, 

H2O 4 " CI2O7 = 2HCIO4. 

1062a. Chlorine Tetrozide (C104)a;. — The action of iodine on silver 
perchlorate in ethereal solution yields a certain proportion of this 
oxide which has not yet been isolated pure. Its formula is probably 
but not certainly Cl 208* 

I2 4 - 2 AgC 104 = 2 AgI + CI2O8. 


1063. Oxyacids of Chlorine. — These include : — 
Hypochlorous acid 
Chlorous acid .... 

Chloric acid .... 

Perchloric acid .... 


HOCl 

HCIO2 

HCIO3 

HCIO4 


1064. Hypochlorous Acid. — ^Hypochlorous acid is formed to some 


extent when chlorine reacts with water, 


CI 2 4- H 2 O ^ HCl 4“ HOCl. 


When chlorine reacts with a cold dilute solution of an alkali a 
mixture of chloride and hypochlorite results, 

CI 2 + 2KOH = KCl 4 - KOCl + HgO. 

If the solution is hot chlorates {q.v.) result. 

Hypochlorous acid itself is best prepared by the aetjon of chlorine 
on a suspension of mercuric oxide. The water and chlorine give 
hypochlorous acid and hydrochloric acid. The former is too weak to 
attack mercuric oxide and remains in solution, 

HgO + H 2 O + 2 CI 2 ^ HgClg 4- 2HOC1. 

The resulting liquid is distilled and dilute hypochlorous acid passes 
over. This may be concentrated by evaporation in the cold, but 
solutions stronger than 5 per cent, decompose when distilled. 

H 3 ^ochlorous acid forms a yellow solution. It has a peculiar 
chlorine-like smell. Both it and the hypochlorites (q.v.) have a 
remarkably strong germicidal action (§ 755). 

Hypochlorous acid readily decomposes into hydrogen chloride 
and oxygen when heated or when exposed to light, 

2H0C1 = 2HC1 + Oj. 

Its solution is a strong oxidising agent. 
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The hypochlorites are of much more importance than the free 
acid. The chief of them are sodium hypochlorite NaOCl, and 
calcium chloro-hypochlorite, bleaching powder, CaOClg. 

1066. Sodium Hypochlorite NaOCl may be made by passing 
chlorine into a cold dilute solution of sodium hydroxide or carbonate, 

2NaOH + CI2 == NaCl + NaOCl + HgO. 

The solution cannot be concentrated, as it decomposes to form 
chlorate and chloride. 

A weak solution is now made for the purpose of disinfection and 
bleaching by electrolysing common salt solution in such a w^ay that 
the products, sodium hydroxide and chlorine, mix and react accord- 
ing to the equation given above. 

Various kinds of cells are employed, but that shown in Fig. 178a 
is typical. Strong brine passes zig-zag fashion between conductive 
graphite plates 62, ^3, 63, etc.) set in sockets formed in a 

non-conducting trough. The end plates only are connected to the 
source of electricity. Each pair of plates forms in effect a separate 
electrolytic cell. Chlorine is liberated on the right-hand face of 
each plate and sodium hydroxide on the left-hand face ; these mix 
forming sodium hypochlorite. Solutions of greater strength than 
1~2 jxjr cent. NaOCl cannot be made in this way without loss of 
efficiency. 

Sodium hypochlorite is much used for the bleaching of W’^ood 
pulp used as the raw material of the artificial silk trade. 

Sodium hypochlorite solution is decomposed when heated, sodium 
chlorate and chloridi* being formed, 

SNaOCl = NaClOg + 2NaCl. 

The hypochlorites are all powerful oxidising agents. Thus with 
hydrochloric acid they give chlorine, 

NaOCl + 2HC1 = NaCl + H3O + Cl^. 

They oxidise lead salts to lead peroxide {q^v.), arsenites to arsenates, 
etc. Hypochlorites liberate iodine from iodides and this reaction is 
used for their determination, 

NaOCl + 2KI + 2HC1 = NaCl + 2KC1 + H^O + I^. 

The value of sodium hypochlorite as a disinfectant is probably due 
to its action on the traces of ammonia present in contaminated 
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water, etc. With this it forms chloramine NHgCl, which has a very 
powerful germicidal action. 

1066. Bleaching Powder, Chloride of Lime. — ^Bleaching powder is 
made by the action of chlorine upon slaked lime, a reaction usually 
represented as, 

Ca(OH)3 + CI2 = CaOClg + H^O. 

Chlorine, made by the electrolytic process, is led into the bottom 



of a circular concrete tower the interior of which is divided into 
numerous compartments by horizontal floors or ‘ beds.’ The lime 
enters at the top and is forced by rotating rakes to travel from floor 
to floor until it emerges at the bottom, having by this time been 
converted into bleaching powder. The temperature is carefully 
regulated by circulating warm water or chilled brine. 

The formvla of bleaching powder has been somewhat in dispute. 
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It is in all probability a mixture and not a definite chemical com- 
pound. As made commercially it approximates in composition to 
CaOCl2, but always contains some free lime. The formula CaOCU 
was at one time supposed to represent Ca(OCl)2 + CaClj, a mixture 
of calcium hypochlorite and chloride, but this is unlikely in view of 
the fact that the material is not deliquescent, as is calcium chloride. 

Bleaching powder is now thought to be a mixture of 
calcium hypochlorite Ca(OCl)2 and basic calcium chloride 
CaClg . Ca(0H)2 . HgO, which substance is not deliquescent. 

The formula CaOClg may, however, still be used to express its 
chemical behaviour. 

Bleaching powder is a white solid with a peculiar chlorine-like 
odour. It is soluble in cold water, but always leaves behind a 
residue of lime. A solution of bleaching powder, when boiled, forms 
calcium chlorate and chloride, 

6CaOCl2 == Ca(C103)2 + SCaClg, 

and so its solution should always be made up with cold water. 

When acidified with any acid, chlorine is produced, 


Ca< + H0SO4 == CaS04 + HgO + Clg. 

^OCl 

Thus bleaching powder exposed to air evolves chlorine as a result 
of the action of carbon dioxide. 

Its solution possesses the oxidising properties mentioned above 
under the heading of sodium hypochlorite. Its chief practical 
applications are as a bleaching agent and as a disinfectant. 



Fxa. 179. — Electrolytic cell for preparation of potassium chlorate. 
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1066a. Methods of Bleaching. — Cotton, which consists of the 
highly iinreactive compound, cellulose, can safely be bleached by 
hypochlorites. 

Wool and silk, on the other hand, consist of proteins, the amino- 
groups of which are readily attacked by hypochlorites ; conse- 
quently their fibres would be weakened by these reagents. 

Wool and silk are usually bleached by means of sulphurous acid, 
but sodium hydrosulphite is also sometimes employed. Both of 
these compounds bleach by reducing the colouring matter. Wool 
and silk can also be bleached by oxidation. Sodium peroxide, 
which when added to cold water yields sodium hydroxide and 
hydrogen peroxide, is used for this purpose and is especially useful 
for wool which is to be dyed in light shades. 

Cotton is almost always bleached by hy[ 3 ochloritcs. The hypo- 
chlorite employed may be 

(1) a solution of bleaching pow^der, 

(2) a solution of sodium hypochlorite made electrolytically 

(§ 1065), 

(3) a solution of sodium hypochlorite made by passing chlorine 

from a cylinder into a weak solution of sodium carbonate. 

The cotton fibre is coated with a natural resinous or waxy layer 
which is first of all removed by a prolonged boiling with alkalies — 
lime, soda-ash or caustic soda. This is performed in closed vessels 
called kiera in which a pressure of about one atmosphere is main- 
tained. 

The scoured material is then soaked for about six hours with the 
hypochlorite solution, at which stage most of the bleaching takes 
place. It is then treated with dilute sulphuric or hydrochloric acid. 
This removes particles of lime and also decomposes any hypochlorites 
left on the fabric, liberating chlorine, which completes the bleaching 
process. A thorough washing with water to remove calcium 
compounds, and with weak soap solution to remove traces of acid, 
completes the process. 

1067. Chlorous Acid and the Chlorites. — ^Chlorous acid HCIO2 is 
rarely met with. It is probably present in solution of chlorine peroxide 
in water (§ 1061 ), but has not been isolated in the pure condition. 

Potassium chlorite has been made by the action of chlorine peroxide 
on potassium peroxide, 

KgOg + 2010* = 2KC10a + 0,. 
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The chlorites are unstable salts and are powerful oxidising agents 
The chlorites of some of the heavy metals have been prepared by 
precipitation. 


1068. Preparation of the Chlorates. — The chlorates are prepared by 
the action of chlorine upon hot strong solutions of alkali. Potassium 
chlorate may be prepared in the laboratory by dissolving 15 gms. 
caustic potash in 60 c.c. water and saturating the hot solution with 
chlorine. Potassium chlorate, which is sparingly soluble in cold 
water, crystallises out on cooling, while the much more soluble 
chloride remains in solution, 

6KOH + 3 CI 2 = 5KC1 + KCIO 3 + 3 H 2 O. 

On the large scale a strong solution of potassium chloride is electro- 
lysed by passing it between a series of platinum -foil electrodes 
(Fig. 179, E, E), near enough together for the products of electrolysis, 
chlorine and caustic potash to recombine, giving the chlorate, 

2K + 2 H 2 O == 2KOH + 

6KOH + 3 CI 2 == 5KC1 + KCIO 3 + 3 H 2 O. 

The chlorate crystallises out when the liquors which leave the cell 
are cooled, and is purified by recrystallisation from water. 


1069. Chloric Acid. — ^If a chlorate is treated with strong sulphuric 
acid the very explosive chlorine peroxide is formed. Accordingly, 
chloric acid is made from barium chlorate. This is prepared by passing 
chlorine into hot barium hydroxide solution. 


6Ba(OH)2 -f- eClg == Ba(C 103)2 -f SBaClj + 6HaO. 

The barium chlorate so formed is separated by crystallisation, and 
treated with an equivalent quantity of dilute sulphuric acid, 

Ba(C10,), + HjSO« = BaSO« | + 2HC10,. 

The barium sulphate is filtered off and the solution of chloric acid 
evaporated in vacuo until it contains about 40 per cent, of the acid, 
when it begms to decompose, 

rO 


Chloric acid is probably H — O 
chlorine or perhaps 


Cl contaming pentavalent 


O 


H 


I 

L o -J 





Properties , — Chloric acid torms a colourless solution which, when 
heated, decomposes into perchloric acid, chlorine peroxide and water, 

SHClOg =» HCIO 4 + 2C10. + H.O. 
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It is a very powerful oxidising agoiit. Inflammable substances, such 
as wood or paper, burst into flaine when the acid is dropped upon them, 
the acid itself decomposing explosively at the same time. 

The dangerous character of chloric acid and its instability forbid 
the use of the pure substance as a laboratory reagent, but recently its 
solution has been used as a means of oxidising iodine to iodic acid 
(§ 1102 ). 

1070. The Chlorates. — Potassium chlorate is the most important of 
these, and is made as described above. Sodium chlorate finds con- 
siderable use for making aniline-black, also as a weedkiller. 

1071. Potassium Chlorate KCIO 3 is a white crystalline salt, with a 
pleasant cooling taste. It is much used for throat lozenges, but these 
should not be over-indulged in, as in quantity the salt is poisonous. 
The practice of carrying loose matches and chlorate lozenges in the 
same pocket occasionally leads to alarming fires and serious burns. 
Potassium chlorate is sparingly soluble in cold water, of which 
100 c.c. dissolve only 6 gms. at 15° C., but is freely soluble in hot 
water (100 gms. water dissolve 56*5 gms.). 

The chlorates decompose when heated, giving off oxygen. This 
method of preparing oxygen and the catalytic effect of manganese 
dioxide upon it is discussed in § 861. The final result of the reaction 
is expressed by the equation 

2 KCIO 3 == 2KC1 + 3 O 2 . 

The reaction (except in the presence of manganese dioxide) takes 
place in two stages. The chlorate first melts and then decomposes 
into the perchlorate and chloride, 

4 KCIO 3 = 3 KCIO 4 + KCl. 

The perchlorate having a higher melting point solidifies, but on 
further and stronger heating melts and itself decomposes, 

3 KCIO 4 = 3KCi + 6 O 2 . 

The chlorates are very vigorous oxidising agents. A mixture of a 
chlorate with almost any combustible material will burn explosively 
if ignited. 

A mixture of phosphorus and potassium chlorate explodes with 
most dangerous violence, gentle friction being sufficient to bring 
about explosion. A mixture of sulphur and potassium chlorate also 
explodes when struck with a hammer or ignited. 

Treated with strong sulphuric acid the chlorates evolve the 
dangerously explosive chlorine peroxide. The heat of the reaction 
is usually enough to explode the gas, which decomposes with loud 
cracklings. This affords a test for a chlorate. The reaction should 
only be tried with the smallest amounts of material (v, under 
Chlorine Peroxide, § 1061). 
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Hydrochloric acid is oxidised to chlorine, chlorine peroxide being 
also evolved in varying quantities, 

2KCIO3 + 4HC1 = 2KC1 + CI2 + 2CIO2 + 2H2O. 

Sir Humphry Davy named the gas ‘ euchlorine,’ but he apparently 
recognised that it was not a pure compound. The mixture of hydro- 
chloric acid and potassium chlorate is a useful reagent for destroying 
organic matter — as for example when the contents of a stomach are 
being tested for a metallic poison. 

A solution of potassium chlorate in hydrochloric acid — ^much 
diluted — ^is used as a gargle for sore throats. Its efl&eiency is due to 
the antiseptic properties of the chlorine it contains. 

The chlorates are distinguished from other oxidising agents by 
their oxidation of indigo to isatin. If an acidified solution of 
potassium chlorate is allowed to act on indigo the dye is bleached. 
This property is made use of in calico printing. 

Numerous explosives contain potassium chlorate. Most mixtures 
of chlorates and combustibles are dangerously sensitive to shock, 
but the ‘ cheddites,* which are mixtures of potassium chlorate, 
nitrohydrocarbons (c.gf., mononitronaphthalene) and castor oil, are 
quite safe. 

1072. Perchloric Acid HCIO4. — Potassium perchlorate is readily 
prepared by carefully heating potassium chlorate to 350® C. for some 
time. The mass is then boiled with about ten times its weight of 
water and allowed to cool. Any remaining potassium chlorate 
remains in solution while the very sparingly^ soluble potassium 
perchlorate crystallises out. 

From this salt perchloric acid is prepared by the action of strong 
sulphuric acid. The salt is distilled with sulphuric acid under 
reduced pressure and a crystalline mass of the monohydrate, 
HCIO4.H2O, collects in the receiver. This substance, when re- 
distilled, yields the pure acid. 

Perchloric acid is a colourless fuming liquid. When pure it is very 
unstable, though less so than chloric acid. It decomposes with 
explosion when heated or often merely on standing for a few days. 
Treated with phosphorus pentoxide it yields chlorine heptoxide 
CI2O7 (§ 1062). When dropped on wood or paper it ignites them, and 
when dropped on charcoal, etc., oxidises it with explosive violence. 
The acid resembles sulphuric acid in evolving much heat when mixed 
with water. 

A 20 per cent, solution of perchloric acid is quite safe and is an 
article of commerce. Its chief use is as a reagent for potassium. 
Potassium perchlorate is very slightly soluble in water (L? gms. per 
100 gms. water at 15® C.), as are also those of ammonium, rubidium 
and csesium. It is practically msoluble in 50 per cent, alcohol. We 

112 
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may therefore test for a potassium salt by adding to the solution an 
equal volume of 20 per cent, perchloric acid and some alcohol. A 
white crystalline precipitate indicates potassium. Since several 
other perchlorates are also sparingly soluble, the test only serves to 
distinguish potassium salts from sodium salts or to detect the former 
in presence of the latter. 

Potassium perchlorate and ammonium perchlorate have found 
considerable use in the manufacture of explosives. They are manu- 
factured by electrolysing sodium chloride solution. The chlorate is 
first formed (§ 1068) and then the perchlorate. The solution of 
sodium perchlorate is mixed with potassium chloride, when the very 
sparingly soluble potassium perchlorate crystallises out. Ammonium 
perchlorate is made in a similar way. 

The perchlorates are well adapted for use in explosive mixtures, 
being more stable than chlorates and having a greater oxygen 
content. 

1072a. Chlorine halides. — See § 1105. 

BROMINE Br, 79-916 

The element bromine and its compounds have a close resemblance 
to chlorine and its corresponding compounds. The chief differences 
are to be found in the inferior afiSinity of bromine for metals and 
hydrogen, and in the fact that bromine forms only one oxide. 

1073. Historical. — Bromine was discovered by Balard in 1826, by 
the action of chlorine on the residues resulting from the crystallisa- 
tion of salt from sea water. Bromine narrowly escaped discovery 
by Justus von Liebig some years before, who, examining it super- 
ficially, pronounced it to be a chloride of iodine. The name bromine 
is derived from the Greek a stench. 

1074* Occurrence. — Bromine is never found free. The chief 
sources of the element are : (1) the mother-liquors from which salt 
has been crystallised in certain salt mines in Ohio and other parts of 
America ; and (2) in the mother-liquors resulting from the separa- 
tion of potassium chloride from the camallite (MgClg.KCl.GHgO) 
found in the Stassfurt salt deposits. The camallite always contains 
some brom-camallite, MgBrg.KBr.OHgO, and the mother-liquors 
accordingly contain from 0*2 to 0-3 per cent, bromide. The extrac- 
tion is performed by allowing these liquors to flow down a tower up 
which a current of chlorine passes. These react, giving bromine, 

MgBrg + Clg = MgClg + Brg. 

The bromine is then distilled out of the liquid by a current of steam 
and passes to condensers. 

The bromine so obtained contains a proportion of chlorine and 
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traces of iodine. A simple method of purification is to distil it 
together with potassium bromide solution, 

2KBr + CI 2 = 2KC1 + Br^. 

Very careful heating of the bromine to just below its boiling point 
wiJl remove the chlorine in thirty-six to forty hours, and this method 
is now generally used. 

In the laboratory bromine often needs to be purified. The bromine 
may be washed by shaking with water and then dissolved in very 
concentrated calcium bromide solution (so removing chlorine). On 
diluting the solution bromine again separates out. It is separated, 
dried over anhydrous calcium bromide and then over quicklime and 
finally distilled in a current of carbon dioxide. 

1075. Formula and Atomic Weight. — The approximate atomic 
W’eight of bromine is 80 as shown from the vapour densities of its 
numerous volatile compounds and its position in the Periodic table, 
deduced from its likeness to chlorine. Its exact atomic weight has 
been determined by finding the weight of silver bromide precipitated 
from a solution containing a known weight of silver as nitrate. The 
formula of bromine as shown by its vapour density is Brg. 

1076. Physical Properties. — Bromine is a dark-red liquid with a 
smell resembling that of chlorine, but more irritating to the nose and 
throat. Dropped on the skin it causes severe burns. Bromine 
boils at 59° C. and freezes at —7*3° C. Its specific gravity is very 
high, 3-19, 0°/4° C. The density of the vapour (79*9) is also very 
high, corresponding to the formula Brg. 

Bromine is soluble in water to the extent of about 3 per cent, at 
room temperature. This solution, bromine water, is a useful oxidis- 
ing agent, and is used in preference to chlorine water, which does not 
keep. When bromine water is cooled a solid hydrate, Brg.lOHgO, is 
formed. A hydrate BrgAHgO also exists. Bromine is soluble in 
most organic solvents, carbon disulphide, ether, etc. 

1077. Chemical Properties. — Bromine is a highly reactive element, 
much resembhng chlorine in its chemical behaviour. It reacts, 
however, less vigorously with hydrogen, the reaction only occurring 
when the mixture is heated. Platinum catalyses the reaction, 

Brg + Hg = 2HBr. 

Bromine reacts with sulphur, phosphorus, arsenic, antimony, tin, 
and most of the metals in the same manner as chlorine (v. § 1047), 
forming bromides of corresponding formula. 

Bromine is an excellent oxidising agent. Bromine does not react 
with water, but in presence of water and an oxidisable substance 
hydrogen bromide is formed and the oxygen of the water performs 
the oxidation. 


Brg + HgO + Z = ZO + 2HBr. 
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It perforins most of the oxidising reactions attributed to chlorine in 
§ 1048 ; and since it is much more convenient to handle it is 
commonly used in place of the latter element. In analysis it is 
frequently used in conjunction with nitric acid for oxidising sulphur 
and its oxy -salts to sulphates. 

Bromine reacts with alkalis in the same manner as chlorine, hypo- 
bromites (§ 1082) and bromates (§ 1083) being formed. 

Bromine has the same bleaching powers as chlorine but in a less 
degree. It is not, however, used for this purpose. 

Free bromine may be detected by the colour of the vapour it 
evolves on warming. This may be confused with nitrogen peroxide 
or chromyl chloride. To make identification certain the gas may be 
passed into water and the solution so obtained well shaken with a 



Fig. 180. — Preparation of hydrobromic acid. 


globule of carbon disulphide. The bromine dissolves in this and 
colours it orange. 

Nitrogen peroxide forms colourless nitrous and nitric acids with 
the w^ater, while chromyl chloride gives hydrochloric acid and 
yellow chromic acid, which latter is not dissolved by carbon 
disulphide. 

Free bromine is determined volumetrically by causing it to react 
with excess of potassium iodide and titrating the equivalent of 
iodine liberated with sodium thiosulphate, 

Bra + 2KI = 2KBr + Ig. 

Uses . — Bromine has occasionally been used as a disinfectant. 
Large quantities are employed in the manufacture of the coal tar 
dyes and other complex organic products. 

1078. Hydrogen Bromide, Hydrobromic Acid, HBr. — ^Hydrogen 
bromide bears a strong resemblance to hydrogen chloride, differing 
chiefly in that it is dissociated into its elements when heated and 
also more easily oxidised. 
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Preparation. — (1) Hydrogen bromide cannot be satisfactorily 
prepared by the action of sulphuric acid on a bromide. Hydrogen 
bromide is formed by this reaction, but reacts in great part with the 
sulphuric acid, yielding free bromine, 

H2SO4 + 2HBr = 2H2O + SO2 + Br^. 

Phosphoric acid may be employed instead of sulphuric acid, but is 
somewhat expensive, 

H3PO4 + KBr = KH2PO4 + HBr. 

(2) Hydrogen bromide is usually made by the action of phosphorus 
and bromine on water, 

5Br + P + 4H2O = H3PO4 + 5HBr. 

The apparatus used is shown in Fig. 180. Bromine is placed in the 





Jb'iG. 181. — Preparation of hydrobromic acid. 


dropping funnel and a mixture of red phosphorus (10 gms.) with 
twice its weight of water and some clean sand is placed in the flask. 
The bromine is allowed to drip into the phosphorus. Much heat is 
evolved and the flask should be cooled in water at first. The gas 
usually contains free bromine and this is best removed by passing it 
through a wide tube containing slightly damp red phosphorus 
smeared on bits of broken glass, The gas is collected over mercury 
or by displacement, but is more often required as a solution in 
water. The apparatus shown in Fig. 180 is suitable for dissolving 
it in water without fear of the water being sucked back. 

The most convenient method of preparing the gas is, however, by 
the action of hydrogen sulphide on liquid bromine. A stream of the 
gas from a Kipps apparatus is led into a wash bottle containing 
bromine covered with a thin layer of water (or better, hydrobromic 
acid). Hydrogen bromide and sulphur bromide are formed, 

2H,S + SBr* =: 4HBr + SaBr,. 
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The hydrogen bromide is led through a shallow layer of a suspen- 
sion of red phosphorus in water (or better, hydrobromic acid) to 
remove bromine vapour. It may be absorbed in water as shown 
in Fig. 181, giving a solution of hydrobromic acid. 

Hydrogen bromide is also conveniently made by bubbling 
hydrogen through a little warm bromine and conducting the gases 
over heated platinised asbestos. Any excess of the bromine may 
be removed by passing the gas over damp red phosphorus smeared 
on broken glass. 

An excellent method is to run bromine slowly into benzene to 
which a little aluminium powder has been added. The gas is 
rapidly and freely evolved but always contains some benzene 
vapour. 

1079 . Formula. — The arguments cited concerning the formula of 
hydrogen chloride (§ 48) apply w^ith equal force to hydrogen 
bromide and show it to have the formula HBr. 

1080 . Properties. — Hydrogen bromide much resembles hydrogen 
chloride in physical properties. Thus it has a similar smell, fumes 
in air, and is extremely soluble in water. The saturated solution 
contains 69 per cent, of hydrogen bromide by w^eight. When 
heated its solutions behave like hydrochloric acid, forming a 
constant boiling mixture (p. 694), which boils at 126° C. and contains 
about 48 per cent, of hydrobromic acid. 

In its chemical properties it much resembles hydrogen chloride. 
The solution reacts in the same way with metals and their oxides, 
etc, 

Hydrobromic acid is, however, a more easily oxidisable substance 
than hydrochloric acid. In addition to the reactions with the oxidis- 
ing agents detailed in § 1056, as reacting with hydrochloric acid, 
it is also oxidised by sulphuric acid as described in § 1078 above. It 
is oxidised also by warm hydrogen peroxide, which does not affect 
hydrochloric acid. Hydrobromic acid finds a certain use in organic 
chemistry and is also occasionally used in medicine. 

1081 . The Bromides. — ^The bromides resemble the chlorides in 
almost all particulars. They crystallise in the same forms. They 
are on the whole more soluble in water — silver bromide is an excep- 
tion — and have higher melting points and boifing points. 

Their chemical behaviour is similar but they are more readily 
oxidised than the corresponding chlorides. Thus with concen- 
trated sulphuric acid they yield free bromine as well as hydrogen 
bromide. Potassium bromide was formerly used in medicine as a 
sedative, i.e., a substance with a calming effect on disordered nerves, 
but since the potassium it contains had a depressant effect on the 
heart, sodium bromide is now used. Several good tests for bromides 
are available. *If the salt is mixed with manganese dioxide and 
sulphuric acid, bromine is evolved if a bromide is present. The 
vapour may be passed into water and identified as on p. 706. If the 
salt is soluble a few drops of chlorine water (or acidified bleaching 
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powder solution) may be added and the solution shaken with carbon 
disulphide. An orange coloration in the latter indicates bromine, 
2KBr + CI 2 = 2KC1 + Br^. 

1082. Hypobro mites. — ^When bromine is added to cold caustic soda 
solution sodium hypobromite results, 

2NaOH 4- Bra = NaBr + NaOBr + HaO. 

The properties of the hypobromites are similar to those of the hypo- 
chlorites. They are very easily converted into bromates when heated, 
3NaOBr = 2NaBr -f NaBrOg. 

An alkaline solution of sodium hypobromite is used in thff determina- 
tion of urea in urine. It reacts with urea, forming carbon dioxide, 
which combines with the free alkali and nitrogen, which is collected and 
measured, 

C0(NH2)2 + 3NaOBr = COg -f Ng + 2HgO -f 3NaBr. 

1083. The Bromates. — The bromates resemble the chlorates in 
almost all particulars. They are prepared in the same way and have 
similar oxidising qualities. 

A mixture of bromato and bromide is sometimes used instead of a 
standard volumetric solution of bromine, which, owing to the 
volatility of the latter, is unreliable. A solution of J gm.-mol. of 
potassium bromate with an excess gm.-mol.) of potassium 

bromide yields, when acidified with HCl, a normal solution of 
bromine, 

KBrOg + 5KBr + 6HC1 = SBr^ + SHgO + 6KC1. 

Bromic acid has been made by methods analogous to those used 
for the preparation of chloric acid, which it much resembles. 
Neither perbromates nor perbromic acid are known. 

1084. Oxides of Bromine. Bromine Monoxide. — The action of 
bromine on specially reactive mercuric oxide (formed by precipitating 
mercuric chloride with very dilute sodium hydroxide at 60° C.) produces 
a certain proportion of bromine monoxide, 

HgO + 2Br2 = HgBr, -f BrgO. 

It can be freed from bromine by absorbing the latter with pure alkali 
hydroxide. It is a dark brown unstable gas which breaks up rapidly 
even at 0° C. 

Bromine dioxide BrOg has been made by passing a mixture of bromine 
with excess of oxygen through an ozonisor at liquid-air temperature. 
It is a yellow solid whicli decomx^oses about 0° C., forming bromine 
monoxide and a higher oxide. 

An oxide of the formula (BrgO has been f ormed by the action of ozone 
on bromine vapour at temperatures below 0° C. It is very unstable. 

1085. Bromine Halides. — See § 1105. 

IODINE I, 126*92 

Iodine and its compounds have the general characteristics of the 
halogens. The reactivity of the element with hydrogen and the 
metals is decidedly less, and the stability of its oxygen compounds 
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more pronounced than is the case with bromine. A few indications 
of metalloid characteristics appear in iodine. 

1086. History. — Iodine was first prepared in 1812 by the action of 
sulphuric acid on the mother liquors, resulting from the crystallisa- 
tion of kelp, the ash obtained by burning seaweed. The name 
iodine, toctSrJs, \fiolet coloured, was given it on account of the violet 
colour of its vapour. 

1087. Occurrence. — Iodine is never found free in Nature. Minute 
traces of its compounds are found in all living creatures, in many 
minerals, and notably in sea water. 

There are two chief sources of iodine : — 

(1) Certain seaweeds extract iodine from sea water, and the ash 
of these when burned contains about 0*5 per cent, of iodine as 
potassium and sodium iodides. 

(2) The nitrate deposits of Chili {v. p. 268) contain some 0*2 per 
cent, of sodium iodate, w^hich is worked up for iodine. 

(1) Iodine from Keljy. Seaweeds vary greatly in their iodine 
content. Those uncovered by the tide yield little iodine, but the ‘ red 


Fig, 182. — Udolls for condensation of iodine. 


wracks,’ dark-red ribbon-like seaweeds, often driven ashore after 
storms, contain a remunerative quantity. The seaweed is roughly 
dried and burned and a fused mass of salts, consisting chiefly of 
potassium sulphide and chloride, sodium carbonate and some 1 to 
1*6 per cent, of the iodides of these metals remains. This ‘ kelp ’ 
is then extracted with water and the solution is crystallised, when 
potassium sulphate, potassium chloride, and sodium chloride 
crystallise. The mother- liquor contains the iodides together with 
bromides, sulphides, etc. It is first treated with sulphuric acid to 
get rid of the latter and then distilled with manganese dioxide and 
sulphuric acid. The iodine vapours are condensed in udells 
(Fig. 182), stoneware bottles, of which the neck of one enters a hole 
in the base of the next. The iodine is purified by sublimation as 
described below. 

(2) Much more important is the extraction of iodine from the 
mother-liquors from which sodium nitrate has been crystallised in 
the course of its manufacture from the Peruvian and Chilean mineral 
caliche. 

The mother-liquor contains sodium iodate NalOj, together with 
sodium nitrate, sulphate, chloride, and some magnesium salts. To 
this liquid is added the precise quantity of sodium bisulphite needed 
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to precipitate the iodine. The reactions are probably (a) tlie forma- 
tion of iodide, and {b) th(^ reaction of this with the iodatc, 

(a) NaTOg + SNaHSOj - Nal 1- 3 NaHS 04 . 

(h) NalOa -f 5NaT d- GNaHS 04 === 3H,0 h GNa^SO^ + SIg. 
The solution is neutralised and the iodine, which is nearly insoluble, 
settles to the bottom. It is washed with water, pressed roughly dry 
and then sublimed into udclls, much as in the kelp process. 

Iodine is further purified by mixing it with a little i^otassium 
iodide (to remove chlorine) and subhming it. 

1088. Recovery of Iodine Residues in the Laboratory. — Iodine costs 
some 155. a lb., which makes it worth recovering. Many laboratories 
do not throw away lic|uids containing iodine but keep them in a stock 
bottle. After three or four litres have accumulated a strong solution of 
potassium dichromate in dilute sulphuric acid (1:3) may be added, 



h’lo. 183. — fcJublimatiou of iodine. 


cooling if necessary. The precipitated iodine is filtered off, waslied, 
dried in a desiccator and sublimed, 

KaCrgOy -f IIH 2 SO 4 -f 6 KI = 8KHSO4 -f Cr2(S04)s + THgO -f Slg 

The sublimation of iodine is best performed in the laboratory by 
placing it in a .shallow crystallising dish, which is well bedded in a large 
sand bath. The dish is covered with a glass plate, the joints being 
made nearly air-tight with strips of gummed paper. The dish is gently 
heated so that the iodine slowly sublimes into the lid during several 
days. Tho plate may be cooled by moans of damp blotting paper. 

A bettor method of purification is to place the iodine in a covered 
beaker and add a little concentrated potassium iodide solution. The 
mixture is heated till the iodine melts and is then allowed to cool. This 
process removes any chlorine. The iodine may tlien be w^ashed and 
roughly dried on a Buchner funnel. Tho iodine is finally dried in a 
desiccator. 

1089. Physical Properties. — ^Iodine is a grey-black solid of metallic 
lustre. It crystallises in rhomboidal plates. The smell of iodine 
resembles that of chlorine. In large quantities the vapour is 
intensely irritating to the eyes and nose. Iodine melts at 114® C. 
and boils at 184° C. It vaporises rapidly, even below its melting 
point, giving off a vapour of a fine deep violet tint. The vapour has 
a density of 128 (H 2 = 1) and is therefore nearly nine times as heavy 
as air. 
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Iodine is sparingly solubJe in water, the saturated solution con- 
taining about 0‘015 per cent, of iodine. It is, however, readily 
dissolved by a solution of potassium iodide, with which it forms a 
loose compound, KI3. This compound is so readily decomposed that 
the solution behaves like a solution of free iodine. Iodine is readily 
soluble in carbon disulphide, chloroform, and various hydrocarbons, 
forming violet solutions ; in alcohol, ether and oxygen-containing 
solvents in general it dissolves to form a browm solution. It appears 
that the iodine in the brown solutions is loosely combined with the 
solvent and in one or two cases the compound has been isolated . 

1090 . Chemical Properties. — Iodine does not react with oxygen. 
With hydrogen it reacts, forming an equilibrium mixture of hydrogen 
iodide, hydrogen and iodine, 

H2 + l2^2HI, 

the reaction being far from complete and very slow. It may be 
hastened by the presence of platinum, which is an excellent catalyst. 

Iodine reacts less readily with the other elements than do the 
remainder of the halogens. Thus, among the non-metals, it reacts 
directly only with phosi)horus, chlorine and fluorine. The metals 
react with it vigorously, but much less vigorously than with chlorine 
or bromine, which displace iodine from its compounds with elements 
other than oxygen. 

The oxidising action of iodine is much feebler than that of the 
other halogens. None the less it oxidises sulphites to sulphates, 
arsenites to arsenates, hydrogen sulphide to sulphur, hydrogen 
iodide being formed in each case, 

I2 + ns - 2HI + S 
Na3As03 “1" I2 “b H2^ ~ Na3A804 2HI, 

These reactions are utilised in volumetric analysis for the deter- 
mination of arsenic, sulphites and hydrogen sulphide by titrating 
them with standard iodine solution. 

The reaction of iodine with starch is of interest. In presence of 
even one part per million of iodine starch solution is coloured blue. 
The nature of the compound formed is unknown. The starch solu- 
tion should be fresh, as starch is easily hydrolysed to form com- 
pounds which do not give this colour. 

The reaction of iodine with sodium thiosulphate to form sodium 
tetrathionate has found much use in analysis, 

2Na2S203 + I2 = 2NaI + Na2S403. 

It is an ideal reaction for volumetric analysis. It is instantaneous, 
requires no heat, and the fading colour of the iodine marks the pro- 
gress of the titration The end-point is marked by adding a few 
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drops of starch solution to the iodine and continuing the addition of 
thiosulphate until the blue colour vanishes. 

Sodium thiosulphate is readily obtained in a state of high purity, 
and can be made with great ease into an accurate standard 
solution. 

The method is not only valuable for determining iodine but also 
for determining any oxidising agent. Chlorine, bromine, cupric 
salts, hypochlorites, etc., all react with iodides (q.v,), giving iodine 
and water. To determine the proportion of any of these substances 
in a solution, a known volume of it is run into excess of potassium 
iodide solution, liberating iodine. The solution is then titrated 
with sodium thiosulphate, and from the quantity of this used the 
weight of iodine produced, and consequently the weight of oxidising 
agent used may be calculated. 

1091. Tests for Iodine. — The starch test has been mentioned above. 
If a solution containing iodine be shaken with a drop of carbon 
disulphide the iodine will dissolve in the drop and give it a violet 
colour. 

1092. Uses of Iodine. — Iodine is used in the manufacture of certain 
coal-tar dyes. It finds considerable use in medicine, in which its 
action is manifold. It is an excellent disinfectant and is much used 
as ‘ tincture of iodine ’ — a 10 per cent, solution of iodine in dilute 
alcohol — ^for the treatment of small wounds. Iodine in the form of 
iodides has a beneficial but obscure effect on many diseases. The 
thyroid gland, which lies on either side and in front of the windpipe, 
secretes a peculiar substance, thyroxin, which contains iodine. A 
deficiency of this substance causes idiocy — cretinism — and a train of 
peculiar symptoms. Goitre, a swelling of the thyroid gland, is thought 
to be due to the drinking of water in which iodine is deficient. 

1093. Atomic Weight of Iodine. — The atomic weight of iodine is 
nearly 127, as shown by the fact that not less than 127 gms. of 
iodine are contained in the gram -molecule of any of the many 
volatile or soluble iodine compounds of which the molecular weight 
can be determined. Its character as a halogen, moreover, necessi- 
tates a place in the Periodic table corresponding to an atomic weight 
of about 127 or about 218, and only the former value is a possible 
multiple of its equivalent, 127. 

The atomic weight may be determined by means of the ratio 
Ag : Agl (cf. § 70), or by the decomposition of iodine pentoxide, 
the oxygen being absorbed by red-hot copper and the iodine con- 
densed. The latter method is direct, while the former depends on 
the accurately known value for silver. The best value appears to 
be 126-912. 

1094. Hj^drogen Iodide, Hydriodio Acid, HL — ^Hydrogen iodide 
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cannot be made by the action of acids upon iodides. Its solution is 
usually prepared by the action of hydrogen sulphide upon iodine, 

HgS + I 2 = 2HI + S. 

The iodine is suspended in water and the gas passed through the 
mixture. When the iodine has disappeared the sulphur is filtered 
off and the liquid is distilled. 

The gas is best made by the action of water on phosphorus iodide. 
Red phosphorus and iodine are mixed in a dry flask, and water is 
slowly added from a tap-funnel. The gas is freed from iodine by the 
action of damp red phosphorus and dried by means of anhydrous 
calcium iodide. The gas is also made by passing hydrogen over 
heated iodine. The mixture of hydrogen and iodine vapour is 
passed over heated ^ platinised asbestos, which acts as a catalyst. 
Any excess of iodine is removed by condensation and by passing the 



gas over some damp red phosphorus. The resultant gas may be 
dissolved in water, the arrangement of two wash-bottles, as illus- 
trated in Fig. 184, avoiding any possibility of the water being sucked 
back into the heated tube. 

1095. Properties. — Hydrogen iodide is a colourless gas which 
fumes in air. It has an irritating odour. It is extremely soluble in 
water, the solution saturated at 10® C. containing 70 per cent, of the 
acid by weight. When distilled a constant boiling mixture (p. 694) 
is formed, containing 67 per cent, of hydrogen iodide by weight. 

Hydrogen iodide is readily decomposed when heated, 

2HI^H2 + l2. 

It has the usual properties of an acid (pp. 190 «eg.), and is, in addi- 
tion, a strong reducing agent. Almost every oxidising agent will 
oxidise it to iodine and water and on this fact is based the method 
of determining oxidising agents volumetrically (p, 713). 

The oxidising agents which affect hydrogen iodide include those 
which affect hydrogen bromide, e.p., (a) oxygen, (6) hydrogen per- 
oxide, (c) nitric acid, (d) persulphates, (e) chlorine, (/) sulphuric 

^ Air must be diaplek^ed by hydrogen before heating is commenced. 
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acid, and also the following, which do not affect the other hydrogen 
halides : (g) cold dilute nitrous acid, (h) ferric salts, (i) nitrates in 
dilute acid solution, (j) bromine, (k) cupric salts. Iodine is in every 
case liberated. 

The equations are given below : — 

(a) 4HI + 0, = 2IL,0 + 212. 

(d) 2HI + = 2H,0 + 

(c) 21 IN 03 + 6HI = 4 H 2 O + 2NO f 3 Eg (other nitrogen 

oxides may result). 

(d) KgS^Og + 2Hr - K2SO4 + H2SO4 h Ig. 

(e) 2HI + CI 2 - 2HC1 + I 2 . 

( H 2 SO 4 + SHI == H 2 S + 4 H 2 O + 4 I 2 ] 

^ ( H2SO4 + 6HI = 4H2O + s 4- 3I2 / 

(g) 2 HNO 2 + 2HI 2H.,0 + 2NO + I^. 

(A) 2 FCCI 3 + 2 HI 21-\!Cl2 + I 3 + 2HC1. 

(i) As (c) above. 

(j) Br, + 2HI = 2HBr + I 2 

(k) 2 CUSO 4 + 4 HI r 2 H 2 SO 4 + CuoTg -f Tg. 

It is a useful reducing agent, particularly in organic chemistry. 

1096. The Iodides. — The iodides in general resemble the chlorides 
and bromides except in respect of their ready oxidation to iodine. 
Many of them have characteristic colours, such as the iodides of 
lead, mercury, bismuth and silver. 

They are recognised by their giving free iodine whoa warmed with 
concentrated sulphuric acid and manganese dioxide. The violet 
vapour of the iodine produced is very easily noticed. In solution 
iodidt^s may be detected by adding an oxidising agent, such as 
chlorine or acidified hydrogen peroxide, and shaking with a little 
carbon disulphide. The iodine liberated colours the carbon disul- 
phide violet. The starch test may also be applied to the solution 
after addition of an oxidising agent. 

1097. Potassium Iodide is the most important iodine compound. 
It is made from iodine by first pre})aring iron iodide by mixing iron 
borings, iodine and water, 

Fc + Ig = Fcig. 

To the solution of iron iodide is added potassium carbonate, 

Feig + K 2 CO 3 = FeCOg + 2KI. 

The insoluble carbonate is filtered off and the iodide is evaporated 
until it crystallises. For medical purposes it should contain no 
iodate, which is decidedly poisonous. The addition of dilute acid 
to the solution detects the presence of iodate, for a mixture of iodate, 
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iodide and acid liberates free iodine (§ 1102), readily detected by the 
starch test. 

1098 . Mercuric Iodide Hgl2 is of interest as existing in two forms and 
as having a remarkable double salt with potassium iodide K2HgT4 
(§ 456 ). 

1099 . Cuprous Iodide Cu2l2* — Cupric iodide does not exist and conse- 
quently, on addition of an iodide to a cupric salt, white insoluble cuprow^ 
iodide is precipitated and iodine is set free, 

2CUSO4 + 4 KI = Cuala + 12 + 2K2SO4. 

Tlie reaction is used for the volumetric determination of copper. 

1100 . Oxides and Oxyacids of Iodine. — The 
oxides, I2O4, 14O9 and I2O5 exist. Iodic acid 
HIOj is known in the free state, and periodic 
acids of formulje HglOg, HIO4, and H4I2O9 
have been prepared. 

1101 . Iodine Pentoxide is the only important 
oxide of iodine. It is made by gently heating 
iodic acid HIO3, 

2HTO3 = H2O + I2O4. 

It is a white solid and is much the most 
stable of the halogen oxides. With water it 
fomis iodic acid, 

H2O + I2O5 = 2HIO3. 

1102 . Iodic Acid HIO3 is prepared by the 
action of concentrated nitric acid or of chloric 
acid upon iodine, 

IOHNO3 + I2 = 2HIO3 + 4H2O + lONOj. 

Concentrated colourless nitric acid (90 c.c.) 
and iodine (30 gms.) are placed in a round 
flask on to which has been sealed a long wide 
glass tube to act as a reflux condenser. A 
slow current of carbon dioxide is passed to 
carry off oxides of nitrogen, which may reduce 
the iodic acid. The mixture is boiled (bump- 
ing may bo troublesome) imtil the iodine has 

JPZQ, 185 . Preparation disappeared. The acid crystallises out and is 

of iodic acid. filtered off through asbestos and recrystallised 

from a little water. 

The best method of preparing iodic acid and iodine pentoxide employs 
chloric acid HCIO3 as oxidising agent. 

62‘6 gms. of Ba(C103)2.Ha0 are dissolved in 100 c.c. of nearly 
boiling water and a trifle less than the theoretical quantity of hot 
diluted sulphuric acid (equal vols. cone, acid and water) is added. The 
solution of chloric acid is decanted or filtered off. Fifty grams of iodine 
are placed in a 600 c.c. flask, fitted with some arrangement for passing 
a slow current of air, and a 3 per cent, excess of the chloric acid solution 
is added. The flask is connected to some arrangement for absorbing 
chlorine and gently heated to start the reaction, 

I, + 2HCIO3 = 2 HIOs + Cl*. 

The reaction completes itself in some twenty minutes. The resulting 
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solution is filtered and cautiously evaporated to drjmess. The iodic acid 
is best converted into iodine pentoxide by heating to a temperature of 
235 ®~ 240 ° C. in a tube through which a slow current of dry air is passed. 
The yield is almost theoretical. 

It forms white crystals, which decompose when heated, forming 
iodine pentoxide as mentioned above. 

It reacts with reducing agents, giving iodine. With sulphurous acid 
an interesting delayed reaction takes place. 

With hydriodic acid, iodic acid forms iodine and water. A method of 
titrating acids has been based on this reaction. If potassium iodate 
and iodide solutions are mixed there is no reaction. If, however, an 
acid is added they react, liberating one atom of iodine for 
SKI + KIO3 + OHCl = GKCl + 3I2 4 - 3II2O, 
each atom of replaceable acid hydrogen added. The metliod is useful 
where there is an objection to adding an alkali during titration. 

The * time-reaction * between iodic acid and sulphurous acid is of 
mt(jrest. If solutions of these substances are mixed, no reaction 
appears to occur for some seconds or minutes, then suddenly the solution 
becomes coloured with iodine (conveniently demonstrated by adding a 
little starch). The phenomenon is duo to the reduction of iodic acid to 
hydriodic acid and the reaction of these to form iodine. The iodine is, 
liowever, removed by the sulphurous acid as long as any of the latter 
remains. When tlie sulphurous acid has all been exhausted, free iodine 
appears, 

HIO3 -I- 3H2SO3 = HI + 3H2SO4 
HfOa + r>HI = 3I2 + SHgO 
I2 + H2SO3 + H2O 2 HI -h H2SO4. 

It will be seen that rather less than two molecules of sulphurous acid 
to one of iodic acid is a suitable proportion. 

1103. The lodates resemble the chlorates in many ways. They are 
decomposed by heat but less readily than the bromates or chlorates. 

1104. Periodic Acids. — ^Acids HIO4, HglOe, H4I2O9 have been isolated 
as white solids. Iodine heptoxide remains unknown. The simplest, 
such as KIO4, Agio 4 correspond to the perchlorates, but others, such 
as AgglOe, NajHglOe are also known. 

1105. Interhalogen Compounds. — ^Until recently it was thought that 
very few of these existed, but recently many have been discovered. 
These may be summarised in a table as below. 



Name. 

For- 

mula. 

Colour (of gas). 

B.P.* 0. 

Type AB. 

Chlorine monofluoride 

CIF 

Almost colourless. 

-100 

Bromine monofluoride 

BrF 

Pale red. 

20 


Bromine monochloride 

BrCl 

Palo brown. 

6 


Iodine monochloride . 

ICl 

2 forms solid : red 
and brown. 

97-4 


Iodine monobromide . 

IBr 

Dark red. 

116 

Typo AB3 

Chlorine trifluoride . : 

CIF3 

Colourless. 

13 

Bromine trifluoride 

BrFs 

Colourless. 

127 


Iodine trichloride 

ICI3 

Lemon yellow solid 
vapour — >^IC1 4- CI3 

M.P. 101 
(16 atm.) 

Type ABj 

Bromine pentafluoride 

BrFj 

Colourless. 

40-5 

Iodine pentafluoride . 


Colourless. 

97 

Typo AB, 

Iodine heptafluoride • 

IF, 

Colourless. 

4-5 
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These comiDounds are made by the direct action of the halogens on 
each other or on a lower halogen halide. 

They are, as a rule, highly reactive and bcjhave much as a mixture 
of the individual halogens. 

1105a. Salts of Iodine. — Iodine, as the heaviest member of the 
halogen family might be expected to show some metallic properties. 

There are a number of compoimds in which iodine is electro-positive. 
These include the iodine chlorides (v.s.) ; iodine phosphate IPO4 ; 
basic iodous sulphate (10)2804 . ^HjO ; iodine trichloracetate 
I(CCl3 , 000)3 » iodine nitrates I(N03)3, INO3. The oxide T2O4 is 
believed to be basic iodous iodate lO . IO3. Iodine in alcoholic solution 
fairly certainly gives I" and I+++ ions. 

On addition of alcoholic silver nitrate we have 

3 Ag+ -f 3NO3- + 31 - + 3 I+++ = 3 AgT | + I(N 03 ),. 

The iodine nitrate remains in solution. 
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GENERAL COMPARISON OF THE PROPERTIES OF THE 

HALOGENS 


Propehty. 

FtnoiiiNB. 

Chiorinb. 

Brominb. 

Iodine. 

Atomic weight 

19 

85-46 

80 

127 

State 

Gas. 

Gas. 

Liquid. 

Solid. 

Colour of vapour . 

Pale-yellowish. 

Yellowish-green. 

Red-brown. 

Violet. 

Smell 

Irritating. 

' Irritating and 
choking. 

More irritating. 

Still more irri- 
tating. 

M.P. . 

-233® C. 

-102® C 

-7 3® C. 

114® C. 

P.P. . 

Density of solid 

-187® C. 

-83-6® C. 

59® C. 

184® 0. 

or liquid . 

c. 10 

1-33 

8-19 

4-93 

Solubility in 
100 gms. water 
by weight at 
16® C. 

Reaction — 

Decomposes water 

0*82 gm. 

8-5 gms. 

0-015 gm. 

with hydrogen 

Explosive even in 
dark. 

Explosive In light. 
In darkness only 
if ignited. 

Requires heat to 
c-Ausc combina- 
tion. 

Partial and slow 
even when 
heated. 

with non-metals 

All react except 
nitrogen and 

oxygen. 

All react except 

1 nitrogen, oxygen 
and carbon. 

All react except 
nitrogen,oxygen, 
silicon, carbon. 

Only phosphorus, 
arsenic and 
halogens react. 

with metals 

Almost all metals 
burn. 

Many metals 
burn. 

All attacked. 

All metals at- 
tacked. A few 
bum. 

All metals at- 
tacked except 

I platinum. 

with water 

Instantly forms 
HtP* and 0,. 

Slowly forms UCl 
and 0,. 

No reaction. 

No reaction. 

oxidising agents 

Unaffected. 

Unaffected. 

Possibly forms an 
oxide with ozone. 

Nitric acid oxi- 
dises it to the 
Iodic acid. 

reducing agents. 

All react. 

All react. 

All react. 

Most reduce it to 
hydrogen iodide 

Bleaching action 


Good. 

Moderate. 


Hydrides . . i 

H.F, 

}JC1 

HBr 

HI 

B.P. . . ! 

19-4® C. 

-83® C. 

-69® C. 

-37® C. 

Solubility in water 

Miscible 

46 per cent./O® C. 

69 per cent. 

> 70 per cent. 

Composition of 

constant boil- 
ing mixture. 

37 per cent. 

20-2 per cent. 

47-5 per cent. 

57 per cent. 

Effect of heat 

None. 

Decompewed at 
about 1,500® C. 

Decomposed at 
about 800® C. to 
some extent. 

Readily decom- 
posed (180® C.). 

Effect of oxidis- 
ing agents. 

Not affected. 

Permanganates, 
diclironiates, 
nitric acid 
lead dioxide, 
manganese 
dioxide, 

oxidise It to chlor- 
ine and water. 

Those mentioned 
under HCl and i 
also hydrogen 
peroxide, chlor- ' 
ine and sulphuric: 
acid oxidise it to 
bromine and 

water. 

All oxidising 
agents. Includ- 
ing the above, 
and also nitrous 
acid, ferric and 
cupric salts and 
bromine oxidise 
it to iodine and 
water. 
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CHAPTER XXIII 


MANGANESE AND THE ELEMENTS OF GROUP VII. A 

This group, VII. A of the Periodic table, contains manganese and 
two other very rare elements, masurium and rhenium, which were 
discovered only during the last few years. Potassium per-rhenate is 
now commercially obtainable, but masurium has not been obtained 
in weighable quantities. 

The atomic structure of these three elements is given below. That 
of masurium is largely conjectural. 


Element. 

Electrons in Orbits of 

1 quantum. 

2 quanta. 

3 q uanta. 

4 quanta. 

5 quanta. 

6 quanla. 

Manganese . 

2 

8 

(8. 6) 

2 



Masurium . 

2 

8 

18 

(8, 6) 

1 


Rhenium 

2 

8 

18 

32 

(8, 6) 

2 

j 


The chemical properties of masurium are not yet known, but those 
of manganese and rhenium are characterised by highly variable 
valency. Both elements form four or five oxides, several of wliich 
are acidic in character and form stable per-salts, permanganates and 
per-rhenates analogous to the perchlorates. In the existence of 
these salts and in the existence and properties of the heptoxides, 
Mn207, Re207, the only resemblance of these elements to the 
halogens resides. 

MANGANESE Mn, 64-93 

1106. Occurrence, — ^The chief ore of manganese is pyroliisite 
manganese dioxide MnOj. It occurs also as the sesquioxide Mn203, 
trimanganic tetroxide Mn304, and as sulphide, carbonate and silicate 
in other minerals. 

1107. Preparation. — Manganese oxides can be reduced to metal 
by heating with carbon but only at such a high temperature ( 1 , 1 00 ® C. 
and upwards) that the process is not now used. 

The aluminothermic process is the best. Manganese dioxide is 
heated to redness so as to convert it into trimanganic tetroxide. 

720 
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This is mixed with coarse aluminium powder and ignited in a 
crucible according to the method described in § 480. 

3Mn304 + 8A1 = 4AI2O3 + 9Mn. 

The reaction of manganese dioxide with aluminium is dangerously 
violent. 

The metal may also be prepared by heating a mixture of manganous 
oxide and carbon in the electric furnace, 

MnO -I- C = Mn -f CO. 

1108. Properties. — Pure manganese is a soft grey metal. Its density 
is 7-2 and its specific heat 0*107. It molts at 1,245° C. 

Manganese burns in air if finely divided. It is attacked by chlorine 
and sul^diur. When heated in nitrogen it forms nitrides. 

Manganese, if it contains any carbon, is readily attacked by water or 
moist air, 

MiigC 4 - OHaO = 3Mn(OH)2 -f- CH 4 + 

Mn -1- 2 H 2 O = Mn(OH )2 -f Hg. 

Pure manganese as obtained by electrolysis is not attacked by pure 
wat()r and only slightly by steam. 

Alanganese is attacked by acids, both dilute and strong, and behaves 
normally in this respect. 

Manganese forms valuable alloys. Ordinary steel contains a 
proportion of manganese, from 0*1 to 0*3 per cent, being usual 
quantities. Cast iron contains up to 2 per cent. The presence of 
manganese in steel improves its strength and its working qualities. 

‘ Manganese steel ’ contains as much as 10 per cent, of manganese 
and is very hard without being brittle, and also more resistant to 
corrosion than ordinary steel. It is employed for tram-line points 
and other articles which must sustain heavy wear and violent 
shocks. 

Atomic Weight of Manganese, — The atomic weight of this element 
is shown by Dulong and Petit’s law to be about 59. The exact value 
has been obtained by analysis of silver permanganate and by conyei'ting 
manganous chloride and bromide into the corresponding silver com- 
pounds. The value 64*93 has been adoi)ted. 

1109. Oxides of Manganese. — ^Manganese is an element of very 
variable valency and presents a formidable array of oxides. These 
include : — 


Manganous oxide 

. MnO 

Trimanganese tetroxide 

. . Mn304 

Manganese sesquioxide 

. . MhgOa 

„ dioxide 

. . Mn02 

„ trioxide . 

. . MnOa 

„ heptoxide . 

. . Mn^O^ 
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1110. Manganous Oxide MaO is best prepared by reducing any 
other oxide in a current of hydrogen, 

MnOg + = MnO + HgO. 

It is olive-green in colour and is very readily oxidised to trimanganio 
tetroxide or manganese sesquioxide. It is basic and readily forms 
manganous salts with acids. 

Manganous hydroxide Mn(OH )2 is white. It is prepared by the 
action of alkalis on manganous salts, 

Mn++ + 20H- Mn(OH) 2 . 

The air or any oxidising agent converts it into the brown hydrated 
sesquioxide, 

2Mn(OH)2 + 0 = 2MnO(OH) + HgO. 
which occurs native as manganite. 

1111. Trimanganese Tetroxide Mn 304 occurs native as hausmannite. 
It is made by heating any oxide of manganese strongly in air, 

6MnO + Oo = 2 Mn 304 

SMnOg = Mn304 + O2. 

It dissolves in acids, yielding both manganous and manganic salts 
or manganous salts and manganese dioxide. With hydrochloric 
acid it yields chlorine. 

1112. Manganese Sesquioxide Mn 203 occurs native as braunite. It 
may be made by the action of chlorine on an excess of manganous 
carbonate suspended in water, 

SMiiCOj + CI 2 = MngOa + MnClg + SCOg. 

The excess of manganese carbonate is removed by treatment with 
dilute nitric acid, which only affects the sesquioxide very slowly. 

Manganese sesquioxide is a brown powder. Dilute acids slowly 
convert it into manganic salts (q.v.). These may decompose, giving 
manganese dioxide. 

On warming the oxide with hydrochloric acid chlorine is formed, 
Mn203 + 6HC1 = 2MnCl3 + SHgO 
2MnCl3 = 2MnCl2 + Clg. 

Manganic hydroxide Mn(OH )3 does not seem to exist, but the 
hydrated sesquioxide MnO(OH) or MugOs.HgO is a native mineral. 

1118. Manganese Dioxide MnOs* — ^This oxide — the most important 
compound of manganese — occurs native. The mineral pyrohmte 
is a hard black crystalline variety. Psilomelane is a hydrated form, 


usually containing barium 


MnO 
' BaO 


Mn02 


03. 


Wad is an earthy 


brownish-black variety, and is less pure than the others. 
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Since pjo'olusite is found nearly pure, it is not necessary to 
prepare manganese dioxide on the commercial scale. 

In the laboratory it may be made by heating the nitrate to 
ca. 200° C. and extracting the residue with nitric acid, which does 
not attack manganese dioxide. The residue is well washed and 
dried, 

Mn(N03)2 = MnOg + 2NO2. 

Manganese dioxide forms a black powder, insoluble in water. 

When heated to strong redness, it decomposes, yielding triman- 
ganic tetroxide and oxygen — an obsolete method of preparing 
the latter gas, 

SMnOg = Mn 304 + Og. 

Dilute acids do not attack it, except hydrochloric acid which, when 
moderately dilute, evolves chlorine. Strong hydrochloric acid 
attacks the oxide, probably forming manganese tetrachloride, which 
decomposes slowly in the cold and rapidly on warming to form 
manganic chloride and chlorine. The trichloride decomposes on 
further heating into manganous chloride and chlorine, 

MnOa + 4HC1 = MnC^ + 2 H 2 O 

2MnCl4 = 2MnCl3 + Clg. 

2MnCl3 == 2MnCl2 + CI3 

Nitric acid does not affect it, but concentrated sulphuric acid on 
heating produces manganous sulphate and oxygen, 

2Mn02 + 2 HaS 04 = 2 MnS 04 + 2 H 2 O + Og. 

Probably in the cold a sulphate, Mn(S 04 ) 2 , is produced. 

Manganese dioxide is sometimes called manganese peroxide, but 
it is not a peroxide in the true sense, as are, for example, barium 
or sodium peroxide. It is not a salt of hydrogen peroxide, but a 
basic oxide which with acids forms highly unstable salts. 

Manganese peroxide is an oxidising agent, a property displayed 
in its action on hydrochloric acid. If boiled with dilute sulphuric 
acid and oxalic acid it oxidises the latter to carbon dioxide, 

H2C2O4 + MnOg + H2SO4 = 2H2O + 2CO2 + MnS04. 

The manganese dioxide in a sample may be determined by 
heating a known weight with a known volume of standard oxalic 
acid and sulphuric acid, then determining the excess of the oxalic 
acid with permanganate. 

It finds its chief uses in the manufacture of chlorine {q,v.), in the 
decolorising of glass and in the manufacture of Leclanch^ batteries. 
When added to a charge of molten glass, which would without such 
addition give a green-tinted product as a result of the presence of 
ferrous silicate derived from iron in the sand used, it oxidises this to 
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ferric silicate, which is much paler in colour, while the pinkish tint 
given by manganese to glass neutralises the greenish tint due to iron. 
The purplish tint often noticeable in old glass is said to be due to the 
slow oxidation of green ferrous silicate, causing the violet colour of 
the added manganese to become apparent. 

Manganese, in small quantities, colours glass and pottery glazes 
amethyst purple ; when more is used it gives a good black. 

1114. Manganese Trioxide MnOs. — ^This very peculiar compound is 
formed when potassium pormanganato is dissolved in cold concentrated 
sulphuric acid and the solution dropped on to anhydrous sodium car- 
bonate. Pinkish -purple clouds are produced which may be condensed 
in cooled U -tubes. 

It is a reddish, volatile and deliquescent solid, irritating to the throat 
and lungs. It dissolves in water, fonning manganese dioxide and 
permanganic acid. With alkalis it gives rnanganates, 

2NaOH -f MnOa = Na^MnO^ + HgO. 

It is therefore an acidic oxide. 

1116. Manganese Heptoxide Mn 207 is formed by the action of sul- 
phuric acid on potassium permanganate. If strong sulphuiic acid bo 
used the oxide dissolves in the excess of acid, forming the compound 
(Mn03)2S04, but if potassium pennanganate be added slowly to well- 
cooled sulphuric acid of the composition H2SO4 . HjO (d. 1 - 78 ), the oxide 
separates in oily drops. It has been distilled in very small (jiiantity and 
forms a pur]:)lc vapour. 

Manganese heptoxide forms a reddish-brown oil with a chlorine-like 
odour. When warmed, it decomposes suddenly with a slight explosion, 
giving flakes of manganese dioxide and evolving oxygen, 

2Mn207 == 4 MnO, + 30 ^. 

With water it gives permanganic acid, 

HgO 4- MnaO^ == 2HMn04. 

It is a very powerful oxidising agent, inflaming wood or paper when 
dropped upon them. 

1116. Oxyacids 0 ! Manganese and their Salts. — There are three 
series of salts derived from manganese oxyacids, real or hypothetical. 

(Manganous acid), manganites . . .STg'MnOa 

(Manganic acid), rnanganates . . .X 2 'Mn 04 

Permanganic acid, permanganates . JC'Mn 04 

1117. Manganites.— When manganese dioxide, particularly when 
hydrated, is treated with alkalis it forms substances known as man- 
ganitea. It is very probable that these are only colloidal solutions or 
mixtures. 

The so-called calcium manganite finds a use in the Weldon process 
for recovery of manganese dioxide from chlorine residues (v, § 1042 ). 

Potassium manganites are considered to be formed when manganese 
dioxide is heated with caustic potash. If air is present they oxidise 
to the manganate (q.v.). 
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1118. Manganates. — ^Manganic acid does not exist, but potassium 
manganate K2Mn04 is formed when manganese dioxide is fused 
with caustic potash, potassium nitrate being added as a rule, in 
order to supply oxj^gen. The process is usually performed in a flat 
shallow vessel to allow as free an access of air as possible, 

2Mn02 + 4K0H + 02 = 2K2Mn04 + 2H2O. 

The mass is extracted with water and gives a deep green solution 
from w^hich green crystals may be obtained by evaj)oration. 

The action of even feeble acids causes the salt to be converted 
into the permanganate and manganese dioxide. The colour of the 
solution changes from green to pink and the manganate has been 
fancifully termed the ‘ mineral chameleon.’ 

3 K 2 Mn 04 + 2CO2 = 2K2CO3 + 2KMn04 + Mn02 

or 3Mn04— + 4H+ = 2Mn04- + + Mn02. 

The manganates arc pow^erful oxidising agents, and in general 
behave in a similar manner to the permanganates. The general 
equation for their oxidising action is 

H2O + K2Mn04 = 2K0H + MnOg | + 0, 
hydrated manganese dioxide being deposited as a brown precipitate. 
They are little used as oxidising agents, the permanganates being 
preferable. 

Sodium manganate Na2Mn04 is contained in Condy’s fluid together 
with the permanganate. To make the fluid crude caustic soda is 
fused with manganese dioxide at a low red heat in a shallow vessel 
for about forty-eight hours. The mass is extracted with water and 
concentrated by evaporation. 

1119. Permanganic Acid HMn04. — This acid is made from 
potassium permanganate. Concentrated silver nitrate solution and 
concentrated potassium permanganate solution are mixed in equiva- 
lent proportions, when a red precipitate of silver permanganate 
results, 

Ag+ + Mn04’" — > AgMn04. 

This is filtered off through glass wool and washed with a little water. 
It is then dissolved in much water and barium chloride is added till 
no further precipitate is given, 

BaCl, + 2AgMii04 = Ba(Mn04)* + 2AgC4. 

The silver chloride is filtered off and to the solution of barium 
permanganate sulphuric acid is added as long as a precipitai<e is 
produced, 

Ba(Mn04)2 + H2SO4 = BaS04 + 2HMn04. 

The barium sulphate is allowed to settle out or is removed by 
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filtration through an asbestos mat, and the solution of permanganic 
acid is evaj)orated cautiously. 

Permanganic acid is a brown crystalline solid, which dissolves in 
water to form a pink or violet solution, which has all the oxidising 
properties of the permanganates described below. 

Its solution decomposes when heated, giving manganese dioxide 
and oxygen, 

4HMn04 = 2 H 2 O + 4Mn02 + 3 O 2 . 

1120. Potassium Permanganate KMn 04 . — ^This salt, which is of 
the greatest value as an oxidising agent in chemical work, is made, as 
a rule, by preparing the manganate as described above and adding 
to it dilute sulphuric acid, 

3 K 2 Mn 04 + 2H2SO4 = 2K2SO4 + 2KMn04 + 2H2O. 

The solution is decanted from the hydrated manganese dioxide 
and evaporated. The permanganate being sparingly soluble 
(c. 4 per cent, at room temperature) crystallises before the sulphate. 

In the laboratory 10 gms. of potassium hydroxide, dissolved in as 
little water as possible, may be mixed with 8 gms. manganese dioxide 
and 7 gms. potassium chlorate. The mixture is dried, powdered and 
heated to low redness for an hour. 

2KOH + 2Mn02 + KCIO3 = 2KMn04 + H2O + KCl. 

The solid is boiled with water and the solution decanted from 
unchanged manganese dioxide, etc. 

The solution is evaporated till crystals begin to form, decanted 
while hot from any precipitate and left to crystallise. 

Potassium permanganate forms dark purple crystals which appear 
greenish by reflected light. The crystals are isomorphous with 
those of potassium perchlorate. It is not very soluble in water, 
6-45 gms. dissolving in 100 gms. water at 15® C. 

Potassium permanganate is decomposed, when strongly heated, 
to the manganate, manganese dioxide and oxygen, 

2 KMn 04 = K 2 Mn 04 + MnOg + Og. 

When treated with strong sulphuric acid it gives manganese hept- 
oxide, which may decompose explosively, 

2KMn04 + H2SO4 = Mnfi, + K2SO4 + HjO 

(2Mn207 = 4 Mn 02 + 3O2). 

Potassium permanganate is, both in the solid state and in solution, 
a powerful oxidising agent. 

Heated in hydrogen the crystals bum, giving manganous oxide 
and caustic potash, 

2KMn04 + 6H2 = 2KOH + 2MnO + 4H2O. 
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When nibhod or heated with sulphur or phosphorus it explodes, and 
mixture of perman^^anates with organic matter may ignite spontane- 
ously or explode when rubbed or heated. In this respect it shows 
its resemblance to potassium perchlorate. 

In solution it is the most powerful common oxidising agent 
available. 

In absence of acids the general equation for its oxidation of other 
substances (X) is 

2KMn04 + HgO + 3X = 2KOH + 2Mn02 + 3X0 
or 2Mn04- + 3X + H2O = 20H- + 2Mn02 + 3X0. 

Caustic potash and brown hydrated manganese dioxide (often 
mixed with the sesquioxide) are the products. 

In strongly alkaline solution the manganate is formed, only one 
atom of oxygen becoming available, 

2KMn04 + 2K0H + A: = 2K2Mn04 + H2O + XO. 

In presence of acids (sulphuric acid is normally used for the pur- 
pose) the reaction is, 

2KMn04 + 4H2SO4 + 5X = 2KHSO4 + 3H2O + 2MnS04 + 
or 2Mn04-" + 6H+ + 5X = 2Mn++ + 3H2O + 5X0, 

manganous and potassium salts being formed. 

The substances oxidised include nascent hydrogen, imsaturated 
hydrocarbons, ammonia ^ and ammonium salts, nitrites, hydrogen 
sulphide, sulphur dioxide, sulphites, thiosulphates, phosphine, 
phosphites, hypophosphites, phosphorous acid, hydrochloric acid, 
chlorides, hydrobromic and hydriodic acid and their salts, arsenites, 
organic matter of most kinds, the lower salts of most metals, such as 
ferrous, cuprous, manganous, titanous, stannous salts and metals. 
The equations for most of these reactions are given under the 
headings of the particular material, but they are readily obtained 
by writing the equation for the reaction of the material with the 
appropriate amount of oxygen and adding this to the general 
equation for the reaction of permanganate with oxidising agents. 
Thus, if we require the equation for the reaction of acid potassium 
permanganate with ferrous sulphate we first write, 

2FeS04 + H2SO4 + O = Ee2(S04)3 + H2O 

and then 

10EeSO4 + 6H2SO4 + 50 = 5Fe2(S04)3 + 5H2O. 

We have 

2KMn04 + 4H2SO4 = 2KHSO4 + 2MnS04 + 3H2O + 50 

^ Only slowly iu solution. 
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by adding these and eliminating what is identical ( 50 ) on each side 
of the equation, 

10FeSO4 + 2KMn04 + 9H2SO4 = 5Fe2(S04)3 + 2KHSO4 

+ 2MnS04 + 8H2O. 

Again, consider its reaction with sulphur dioxide, 

5SO2 + 50 + 5H2O = 5H2SO4 

2KM11O4 + 4H2SO4 = 2KHSO4 + 2MnS04 + 3H2O + 50 
2KMn04 + 5SO2 + 2H2O *= H2SO4 + 2KHSb4 + 2MnS04. 

In this case the equation shows us that no addition of sulphuric 
acid is necessary to bring about the oxidation of sulphur dioxide 
with the simultaneous formation of manganous and potassium salts. 

If we require the equation for the reaction of neutral permanganate 
a similar process may be used. Suppose we require the reaction of 
ammonia with potassium permanganate. We have 

2NH3 + 30 == N2 + 3H2O 
2 KMn 04 + H2O = 2 K 0 H + 2 Mn 02 + 30 
2 KMn 04 + 2NH3 = N2 + 2 K 0 H + 2 Mn 02 + ^HgO. 

The use of the ionic equations is often simpler. Suppose we re- 
quire the reaction of acid potassium permanganate with a nitrite. 
We have 

5NO2- + 50 == SNOg- 
2Mn04-‘ + = 2 Mn++ + SHgO + 50 

2Mn04- + 5N02- + 6H+ = 5NO3-" + 2 Mn++ + 3H2O. 

The correct writing of these equations is most important in view 
of the extended use of potassium permanganate as an oxidising 
agent in volumetric analysis. The reaction of potassium perman- 
ganate with hydrogen peroxide is of interest. It is discussed in 
§ 214 (cf. also p. 594 ). 

The analytical use of acid potassium permanganate solution 
depends on the fact that its reduction products are almost colourless. 
Thus, on adding a standard solution of potassium permanganate to 
an acidified solution of a reducing agent its intense purple colour at 
once disappears until all the reducing agent has been oxidised. The 
next drop of the permanganate marks the end-point by colouring 
the solution pink. The method has been used for the determina- 
tion of ferrous iron, oxalic acid, sulphites, nitrites, hydrogen 
peroxide, etc. 

Alkaline or neutral potassium permanganate is reduced to a 
greater extent than the general equation indicates by the action of 
such powerful reducing agents as hydrogen sulphide and potassium 
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iodide. The manganese dioxide formed is a powerful enough 
oxidising agent to react with these, being thereby reduced to some 
manganous compound. 

Potassium permanganate attacks and oxidises most of the metals. 

1121. Manganese Salts. — Manganese forms one stable series of 
salts, the manganous salts in which the metal is divalent. There 
are also trivalent salts, which are unstable. 

1122. General Properties o! Manganous Salts. — ^Manganous salts 
are in general pink in colour and in solution furnish the manganous 
ion, Mn’’’"^. The solutions are of a palc*pink tinge. Solutions of 
manganous salts give, with alkalis, a white precipitate of manganous 
hydroxide, which soon turns brown as a result of oxidation by the 
air. 

Manganous salts also give a pink precipitate of manganous 
sulphide MnS with hydrogen sulphide, provided acids are not 
present. 

Oxidising agents in alkaline solution convert them into brown 
hydrated manganese dioxide usually mixed with some of the 
sesquioxide. Thus sodium hypochlorite oxidises them in this way, 

NaOCl + Mn{OH )2 NaCl + MnOg + HgO. 

Oxidation to permanganate occurs if an excess of the hypochlorite 
is used and heat is applied. If boiled with lead dioxide (or better, 
red lead) and nitric acid, they form x>ermanganic acid. 

1123. Manganous Carbonate MnCOg. — This salt is obtained by the 
action of sodium carbonate solution on a manganous salt. It 
forms a pinkish-buff powder, which has the general properties of 
carbonates. 

When heated in air it gives manganous oxide, which at once 
oxidises to manganese dioxide, 

MnCOg = MnO + COg 
2MnO + 02 = 2Mn02. 

1124. Manganous Nitrate Mn(N 03)2 is readily prepared by the usual 
methods, such as the action of nitric acid on the carbonate. It is a 
very soluble pink salt. When ignited it leaves, not manganous 
oxide, but manganese dioxide, 

Mn(N03)2 = MnOg + 2NO2. 

This is the best method for preparing pure manganese dioxide. 

1125. Manganous Sulphide MnS is formed as a pale pink or buff 
precipitate by the action of hydrogen sulphide on a neutral or alka- 
line solution of a manganese salt. 

It is readily soluble in acids, giving a manganous salt and hydrogen 
sulphide. 
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1126. Manganous Sulphate MnS 04 is prepared commercially by 
heating a semi-solid mixture of manganese dioxide and sulphuric 
acid, 

2Mn02 + 2H2SO4 = 2MnS04 + 2H2O + 0 ^. 

It is recrystallised from water. The ordinary methods of preparing 
sulphates may also be used on the laboratory scale with more 
convenience. 

Manganous sulphate forms pink triclinic crystals with 5 molecules 
of water of crystallisaticm, which are isomorphous with copper 
sulphate. It has the usual properties of sulphates and manganous 
salts. 

1127. Manganous Chloride MnCls . dHgO. — This salt is readily 
obtained by boiling manganese dioxide with hydrochloric acid till 
the steam contains no chlorine. The solution so obtained contains 
iron as a rule and this may be removed by adding enough ammonia 
to precipitate a little of the salt, boiling and filtering. Iron and a 
little manganese are precipitated as hydroxides. The solution on 
evaporation yields rose-pink crystals of manganous chloride. 

Manganous chloride is deliquescent and very soluble in water, 
100 gms. of which dissolve 77*2 gms. of the anhydrous salt at 25° C. 
The salt finds a use in the curious process of dyeing cotton manganese- 
broum. The cotton is soaked in manganous chloride and passed 
through weak caustic soda. Manganous hydroxide is precipitated 
on the fibre and is oxidised on drying to brown higher oxides. 

Manganous borate and oxalate are used as ‘ driers * in oil paint. 

1128. Manganic Salts. — These salts, in which manganese is tri- 
valent, are markedly unstable. The brown solution formed when 
manganese dioxide is dissolved in hydrochloric acid (p. 723) is 
believed to contain manganese trichloride MnClg, and probably 
manganese tetrachloride MnCl 4 . Double salts of these with alkali 
chlorides have been made. 

Manganic sulphate Mn 2 (S 04)3 is obtained by the action of 
sulphuric acid on freshly-precipitated manganese dioxide or sesqui- 
oxide. It forms a green solid. If crystallised with potassium 
sulphate, potassium manganese alum K2S04.Mn2(S04)3.24H20 is 
formed. This salt is somewhat unstable in solution, readily 
precipitating hydrated manganese dioxide. 

1129. Detection and Estimation of Manganese. — ^The best special 
test for manganese is the reaction described in § 1118. 

A piece of potash and a crystal of potassium nitrate are mixed 
with a drop of the solution or a few grains of the solid to be tested, and 
fused on a piece of porcelain. The formation of a dark green mass, 
dissolving in a little water to form a green solution of manganate, 
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which becomes pink on the addition of dilute sulphuric acid, 
indicates the x)rcvsc]icc of manganese. 

Manganese may be preeipitatcnl as manganese ammonium phosphate, 
ignited, and weighed as the i\yrophosphato MnaPaU?- Alternatively it 
may bo doteimined as sulphide MnS. 

Manganese may be estimated volumetrically by several methods, the 
best of which is to titrate a hot manganous salt containing an excess of 
zinc salts and some zinc oxide with potassium x^errnanganate. The 
reaction results in the formation, 

3 MnS 04 -f 2 KMn 04 + 2 H 2 O + 5ZnO = 5ZnO . MnOg + K 2 SO 4 + 2 H 2 SO 4 , 
of insoluble zinc manganite. The end-point is marked by the super- 
natant liquid becoming red. 

The method of oxidation to peimanganate by sodium bismuthate 
and nitiic acid has been described in § 836. 


MASURIUM AND RIXENIUM 

1130. Discovery. — ^These two elements were unknown until the 
year 1925, when they were discovered by Noddack, Berg and Tacke,^ 
The investigators decided that as platinum ore and columbite (§ 850) 
both containe(| a number of the elements which surrounded the 
spaces in the Periodic table corresponding to eka- and dwi- 
manganese, these latter elements might well be present in these 
minerals. The minerals were treated in such a way as to con- 
centrate any elements resembling manganese, and lines in the X-ray 
spectra indicated the presence of elements of atomic weight 
corresponding to spaces 43 and 75 in the Periodic table. The 
lighter of these elements was named Masurium (from a district in 
Prussia), and the heavier, Rhenium (from the Glerman Rhine). 

MASURIUM Ma 

This element has not yet been obtained in quantities sufficient to 
allow its chemistry to be investigated, and the quantity x>resent in its 
richest minerals must be excessively minute. There seems, however, 
to be no doubt that it exists. 

RHENIUM Re, 186-31 

Occurrence , — Rhenium is present in many minerals, notably 
molybdenite and pyrolusite. The richest minerals contain up to 
four parts of rhenium per million. 

I. and W. Noddack started with more than half a ton of molybdenite 
(§ 1005). They precipitated nearly all the molybdenum from the 
solution obtained from it as ammonium pheepho-molybdate (§ 785). 
The residue, after further treatment, was converted into oxides and 
fused with sodium hydroxide and sodium nitrate. Most metals present 
were unaffected but the rheniiun formed sodium perrhenate NaReO^* 

* Now Fr. Ida Noddack. 
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This was reduced with hydrogen sulphide to a sulphide containing 
1 *^ per cent, of rlienium. This was reduced to metal in a current of 
hydrogen and then heated in oxygon at 150 ° C. The volatile oxide 
R6 si 0.7 distilled over and when reduced gave fairly pure rhenium. 
This was further purified by similar methods, and 1 gm. of pure rhenium 
was obtained. Potassium porrhenate is now commercially obtainable. 

1131. Rhenium and Its Compounds. — Rhenium is a grey metal of 
very high density ( 21 * 4 ). It has an exceedingly high melting point, 
3,167° C. 

It is readily oxidised to a volatile oxide, Re207. 

The oxides of rkenbim are many. ReOg, ReO.,, R(>207, are known. 
RoOj seems to bo analogous to manganese dioxide. RogO, is a fusible 
and volatile solid which, unlike manganese lieptoxide, is stable. It 
dissolves in water, forming peuThonic acid HRe04. The ])errhenates 
are the best-known compounds of rhenium. They are colourless, in 
contrast to the permanganates, and are mu(;h l(>ss powerful oxidising 
agents than these. 

Rhenium chloride R 0 CI 4 is the most readily prej^ared, but R 0 CI 5 is 
also known. A fluoride ReFg has been prepared. These halides are 
not true salts and are hydrolysed by water. ReCl4 is obtairuxl from 
manganese salts by removing manganese with ammonium sulphide 
and traces of calcium as oxalate, wljon the small (quantity of rhenium 
remaining may be obtained as cldoi ide. 

Rhenium sulphides KeSj and 110287 are ty2)ical of the element. Both 
are black. ^ 

Salts of rhenium are probably contained in solutions obtained by 
electrolytic reduction of perrhenates. 



CHAPTER XXIV 


]RON, NICKEL, COBALT, AND THE PLATINUM METALS 

1132. Group VIII. of the Periodic Table. — Group VIII. in the 

Periodic table of Mendel4eff differs fron) the others in containing 
three sets each of three elements. 


(a) 

Iron 

Cobalt 

Nickel. 

(6) 

Ruthenium 

Rhodium 

Palladium. 

(c) 

Osmium 

Iridium 

Platinum. 


The three elements of each set resemble each other very closely, 
and there is a general resemblance perceptible throughout the whole 
group. These elements are the central ones of the transition 
elements of a long period, and should be looked on as making the 
series of elements continuous from Group VII. A to Group I. B. 
Thus the series : — 

Chromium, manganese, iron, cobalt, nickel, copper, zinc, shows a 
steady gradation of properties, as do also 
Molybdenum . . . ruthenium, rhodium, palladium, cadmmm ; 
tungsten, rhenium, osmium, iridium, platinum, gold, mercury. 

The general likeness of the sets (a), (b), (c) above is chiefly to be 
noticed in the following particulars ; Characteristic of the group is 
the very high melting point of the metals, from 1,400® C. upwards, 
and also the catalytic properties of the metals. They are all of 
variable valency and show a remarkable tendency to form stable 
complex compounds with other elements and groups. The ferro- 
cyanides are paralleled by palladocyanides or platinocyanides. 
Cobaltammines and platinammines are also examples of this com- 
plex formation. 

1133. Iron, Cobalt and Nickel. — Iron, nickel and cobalt show 
numerous points of resemblance. The metals are fairly hard and 
fuse at high temperatures. They are decidedly para-magnetic, iron 
being by far the most magnetic metal, nickel and cobalt much less 
magnetic than iron, but a great deal more magnetic than any other 
element. They are, moreover, not only strongly para-magnetic, but 
ferro-magnetic, i.e., they are capable of acting as magnets. They 
are all three of variable valency. Their salts are isomorphous. All 
three elements (together with the remainder of those in Group VIII.) 
show a remarkable tendency to form complex compounds (ferro- 
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cyanides, ferrioxalates, cobaltinitrites, cobalticyaiiides, nickeli- 
cyanidcs, etc.). 

The elements all form volatile carbonyls (§§ 1172, 1217). 

Their atomic structure is indicated in the table : — 


Elements. 

« 

j Electrons in Orbits of 

1 quantum. 

2 quanta. 

3 quanta. 

4 quanta. 

3i and 3 2 . 

3.. 

Iron . 

2 

8 

8 

6 

2 

Cobalt . 

2 

8 

8 

7 

2 

Nickel . 

2 

8 

8 

8 

2 


Their likeness is occasioned by the fact that they have each 
two electrons in the outer valency group, but the neighbouring 
elements also share this resemblance. It is certainly doubtful 
w'hether, apart from the necessities of Mendel6eff^s grouping, we 
should ever have drawn any line separating any particular three 
elements in the sequence : chromium, manganese, iron, cobalt, 
nickel, copper. 

IRON Fe, 55-84 

1184. Historical. — Iron has been known from very early times 
(c. 3000 B.C.), for it occurs native as meteoric iron. The date at 
which the manufacture of iron first began is hard to fix, but doubt- 
less it was coming into prominence from c. 1500 B.o. onward. In 
Homer’s time, c. 1200 b.o., iron was looked on as a valuable, if not 
precious, metal : — 

vvv S’cSSe ^vv vrji KarT^XvOov 9)8’ irdpoiai 

nXecov ini oivona ttovtov ctt’ dXXodpoovs dvOpwTTOVS 

is TcpLicrr^v ftcra p^aA/cov, dyu) h' aWu>v a cLh'qpov, 

(Odyssey I., 182). 

(“ But now I have touched here with ship and men, sailing on the 
wine-dark sea to peoples of foreign speech to Temese ^ for bronze, and 
I bring with me burnished iron.”) 

The Romans worked iron, and in the Forest of Dean and also in 
Sussex the remains of Roman iron-works are to be found. The 
primitive method of iron working as practised by the Romans was 
probably the simple building of a stack of charcoal and lumps of ore, 

^ In Cyprus, where copper was extensively mined in antiquity. 
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igniting this and increasing the temperature by blowing with bellows, 
a method practised by primitive peoples to-day. Small blast 
furnaces are described by Agrioola in the early sixteenth century, 
and the seventeenth century saw the substitution of coke for 
charcoal. The increases of size of the blast furnace and the use of 
the hot gases which emerge from it were inventions of the nineteenth 
century, and the methods of making cast iron have been little 
altered in the last thirty years or more. 

1135. Occurrence of Iron. — Iron is found native as meteoric iron. 
Apparently many of the dark bodies which travel through space arc 
composed of iron. These, entering the atmosphere with velocities 
approximating to twenty miles a second, heat up and burn. The 
largest may reach the ground unconsumed. They are ordinarily 
composed of iron with a small proportion of other metals, notably 
nickel. They contain, moreover, a higher proportion of the plati- 
num metals than does the earth’s crust as a whole, a fact which may 
indicate that elements of high atomic number may be more stable 
under certain stellar conditions in the solar system. 

There are three chief classes of iron ore : — 

(1) Magnetic Fe 304 . — ^This ore of iron occurs in great quantities 
in Sweden and in North America on the shores of Lake Superior. 
It is very pure and furnishes a soft iron of high quality. 

(2) Haematite FcjOa. Ferric oxide occurs as a hard reddish- 
purple mineral, and also in a brown, softer, partly hydrated form. 
The first type, ‘ red haematite,’ is found in Cumberland and also in 
the United States and in Spain. The brown luematites are found in 
England (in Northamptonshire), France and North Germany, and 
the United States, and are as a rule much less pure than the red 
haematite. Most of the brown haoraatites contain a good deal of 
phosphorus, which is injurious to the quality of the iron produced, 
but their abundance renders them one of the most valuable sources 
of iron. Iron is a heavy and cheap commodity and it pays better to 
make it from a poor ore on the spot than from a rich and pure ore 
a thousand miles from the place where the metal is wanted. 

(3) Carbonate ores. These are mixtures of ferrous carbonate 
with clayey material. Spathic iron ore is almost pure ferrous 
carbonate. Clay ironstone and Cleveland ironstone are mixtures of 
ferrous carbonate and clay. Black band ironstone contains also 
bituminous material. These ores are of comparatively low purity. 

Many minerals besides the above contain iron, and the metal is 
very widely distributed. It is rare to find any mineral or, indeed, 
any natural object whatever which doea not contain appreciable 
traces of the metal. - 

Iron is contained in all living things. The hasmoglobin of the 




hundred years and ie now always used for the preparation of the 
impure ‘ pig iron ’ from the ore. 

The ores, unless very pure, may be caleined, t.c., heated to redness 
before they are sent to the blast furnace. This process removes 
water, if present, and also sulphur, arsenic, etc. It also reduces the 
ores to a fine state of division in which they are more readily reduced 
in the blast furnace. A kiln like a lime kiln (Figs. 85, 86), may be used, 
or the o^ may be heated in rectangular kilns by blast furnace gas. 

in tJic Blast Furnace. The ore is roughly crushed and 
mixed with limestone and coke in the proportions determined by the 
composition of the ore treated. These might be 12 : 3 : 5 in the case 
of an ordinary ironstone. This material is fed into the top of a 
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blast furnace (Fig. 186) which may be 120 feet high and may hold 
some 2,000 tons of the charge. 

The chemical changes which take place during the passage of the 
ore through the furnace are the following : — 

At the top of the furnace the ore becomes red hot and the gases 
passing up the furnace reduce the ore to metallic iron, 

FegOa + SCO = 2Fe + 3CO^. 


The iron does not melt at this stage but forms a spongy red-hot 
mass. A little further down, the limestone decomposes, 

CaCOa == CaO -f- CO 2 , 

forming carbon dioxide, which combines with the red-hot coke 


forming some of the carbon 
monoxide which reduces the 
iron, 

CO 2 + C = 2CO. 

The materials grow’ hotter as 
they descend, and the iron 
gradually melts while the lime 
combines with the silica and 
alumina of the earthy matter 
of the ore, forming a liquid 
slag of fusible calcium silicates, 
and alurainates, 

CaO + SiOg = CaSiOg 
CaO + AlgOg = Ca(A102)2. 
In the lower part of the 
furnace the coke of the charge 
burns in the blast of air 
delivered by the ‘ twyers,’ 
forming carbon dioxide 



which is reduced to carbon monoxide by the red-hot coke in the 


higher parts of the furnace. The heat generated by the combustion 
finally melts the iron and slag, which form two liquid layers. The 
lighter slag is tapped off from a point somewhat above the level 
of the liquid iron, which is run off at intervals from a lower tapping 
hole into moulds. For economical working it is necessary to conserve 


the heat and chemical energy available in the excess of carbon 


monoxide which is generated by the process. This gas is usually 
scrubbed free from dust and utilised for driving the engines 
which deliver the blast and also for preheating the blast, thus reduc- 


ing the quantity of coal required. The blast furnace gas is therefore 
burnt in stoves packed with a chequer-work of firebrick. When 
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these stoves are hot the blast is taken through them and carries tJieir 
heat to the furnace. Tlirec stoves usually are heating up while one 
is cooling down and thereby heating the blast. 

Considorable economy is attained by dr,>'in^ the blast, and this process 
is now being widely adopted. The average blast of air contains from 
20 to 120 lbs. of water per ton of pig iron made. This lowers the working 
temperature, and in fact uses up valuable heat. The drying is effected 
by means of silica gel wliich absorbs up to 20 per cent, of moisture. 
The gel, made by addition of sodium hydrogen sulphate to sodium 
silicate solution, is dried and supported on perforated trays through 
which the blast passes. When it has absorbed a proportion of moisture, 
1 his is expelled by heat and the gel used again. A saving of some 10 per 
cent, of the fuel is said to be effected. 

The electric blast furnace has found some favour in countries where 
('lectricity is cheap and fuel expensive, for if tlie heating is done electri- 
cally only the amoiuit of carbon required to reduce the iron oxide need 
be added. Fig. 187 shows such a furnace. The issuing gases are in 
part returned to the base of the fumaco in order to conserve heat and to 
utilise as much carbon monoxide as possible in reducing iron. The 
blast does not supply air, for since the heating is done electrically, the 
presence of air is deleterious. The furnaces are used to some extent for 
making very pure iron from a pure oxide ore and charcoal. 

1138. Cast Iron. — The iron so obtained is far from pure, usually 
containing from 1*5 to 4 per cent, of carbon and also smaller quan- 
tities of silicon, phosphorus, sulphur, manganese, etc. Cast iron 
contains, as a rule : Fe, 92 to 95 per cent. ; C, 3*5 to 4-3 per cent. ; 
Mn, 0-2 to 1 per cent. ; P, 0-5 to 1 per cent. ; S, 0*3 to 1 per cent. ; 
Si, 1 to 2 per cent. 

The carbon in cast iron is in part combined as iron carbide FcgC, 
and in part free as flakes of graphite. Iron containing the latter 
has a perceptibly grey colour when newly broken. 

Iron is required for industrial purposes in three conditions : as 
cast iron, wrought iron, and steel. Cast iron, of which the manu- 
facture has been already described, is markedly brittle and is not 
malleable enough to be worked with the hammer either cold or hot. 
Its compensating advantages are its comparatively low melting 
point (c. 1 ,200° C.) and the fluidity of the molten metal. These make 
it suitable for making castings of all kinds which do not have to with- 
stand great strain or violent shocks. Of the thousands of articles 
commonly made of cast iron we may instance beds, gutter pipes, fire- 
grates, lamp-posts, railings, radiators, the bed-plates of most pieces 
of machinery. 

1139. Wrought iron is practically pure iron interspersed with 2 to 
3 per cent, of slag, and so worked as to have a fibrous structure. It 
is extremely tough and is easily welded and worked under the 
smith’s hammer. The use of mild steel has largely replaced that of 
wrought iron. 
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Wrought iron is prepared by ptMlingy a process which requires a 
peculiarly skilled and exhausting type of labour for which no 
satisfactory mechanical substitute has yet been found. 

The chief impurities in cast iron are readily oxidisable, and the 
process of puddling consists of the oxidation of the impurities by 
means of iron oxide. 

A furnace, as illustrated in Fig. 188, has a bed (B) lined with iron 
oxides in some form, such as haematite. A charge of pig iron is 
placed on this, melted and stirred with long rods, known as rabbles. 
Silicon and manganese are first oxidised. The temperature is then 
lowered and the carbon in the metal reacts with the iron oxide of the 
lining and the iron appears to boil, giving out jets of carbon 
monoxide, 

SFcgC + FeA = llFe + SCO. 

A certain amount of slag, mainly ferrous silicate, separates. The 
[)hosphorus oxidises at the same time and is eliminated as x^hosphates 



IbH. -Pudtiling fiirnare. 


in the slag. Pure iron melts at a much higher tcm})eraturc than 
cast iron and so, as the latter is purified, it gradually becomes a pasty 
mass of semi-solid iron mixed with slag. The puddler then, working 
through the door (D) of the furnace, forms the metal into masses 
called blooms, each weighing rather under a hundredweight. These 
are hammered and rolled, cut up, reheated g^d rolled again, so })ro- 
ducing wrought iron of characteristic fibrous structure. Puddling 
is highly skilled labour, calling for great physical strength, and this 
fact has led to a decline in the use of wrought iron as compared with 
mild steel. 

Wrought iron, apart from the slag it contains, is nearly pure iron, 
a typical analysis being : Fe, c. 97 per cent. ; slag, c. 3 per cent. ; 
C, 0-02 per cent. ; Mn, 0*005 per cent. ; P, 0*07 per cent. ; S, 
0*02 per cent. ; Si, 0*03 per cent. 

1140. Steel. — The greatest quantity of iron is used in the form of 
steel, which is iron containing from 0*5 to 1*5 per cent, of carbon, not 
more than a trace of phosphorus and sulphur (less than 0*1 per cent.) 
and up to 0*5 per cent, of manganese, and 0*3 per cent, of silicon. 
Other metals may be added in comparatively large quantities for 
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special purposes, notably, chromium for making stainless steel and 
manganese, tungsten and vanadium for various forms of tool steel. 

The chief processes for preparing steel are : — 

(1) The cementation process. (Production c. 200,000 tons per 
annum.) 

(2) The acid and basic converter processes. (Production c. 
7,500,000 tons per annum.) 

(3) Acid and basic open-hearth processes. (Production, c. 
54,000,000 tons per annum.) 

(4) Electrical processes. (Production c. 200,000 tons per annum.) 

1141. Cementation Process. — The oldest process for making steel 

is the cementation process. In 
this process good pure wrought 
iron is cut up into bars, bedded 
in charcoal and heated for 
about seven days. The effect 
of the process is to cause the 
iron to take up carbon, which 
probably reaches it as carbon 
monoxide. The centres of the 
bars are much less affected 
than their surfaces, and it is 
usual to melt and cast the steel 
so produced to make it uniform 
in character. The product is 
the so-called ‘ crucible steel ’ 
used for the finest purposes : 
shears, razors, and tools of 
various kinds. 

1142. Bessemer Steel. — The 

production of steel was enor- 
mously simphfied by directly oxidising the impurities by a blast of air 
forced through the molten pig iron, contained in an egg-shaped vessel 
known as a converter (Fig. 189). The principle of the process depends 
on the oxidation of carbon to carbon monoxide, and silicon to silica, 
which forms with the metal a slag of silicate. The phosphorus is 
more difficult to deal with, and for the original Bessemer process, 
where the converter is lined with ganister, a siliceous material, only 
pig iron free from phosphorus can be used. Such iron is obtained 
from most of the red haematites. 

By lining the converter with a mixture of lime and magnesia 
mixed with tar to bind it, and by adding lime at the end of the blow, 
phosphorus can be. almost completely removed. This is the basis 
of the Qilchrist-Thomas process. In this process silicon must not 



Fig. 189. — Section of Bessemer 
converter. 
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be present in large quantities, for the silica rapidly attacks the basic 
lining, forming calcium silicate as a slag. The slag from the Gilchrist- 
Thomas process forms, when ground, a useful x^hosphatic manure 
(v. p. 337). 

The melted iron (straight from the blast furnace as a rule) is run 
into the converter and the blast is turned on. The silicon and 
manganese combine with the iron oxide formed, and while this is 
happening no flame issues from the mouth of the converter. 

Si + 3FeO = FcSiOa + 2 F 0 
Mn + FeO = Fe + MnO. 

Next the carbon reacts, 

FeO + FegC = 4Fe f CO, 

and a large flame issues from the mouth of the converter. When 



Fio. 190. — Opon-hearth process. 


the flame dies down the molten metal is nearly pure iron with a 
certain amount of dissolved oxide. To remove this latter oxide 
some spiegel-eisen (pig iron containing about 20 per cent, of 
manganese) is run in. A violent reaction ensues. The manganese 
is oxidised, thus removing all oxygen from the iron, while the carbon, 
etc., brings its composition to that of mild steel, say, Fe, 98*4 per 
cent. ; C, 0*4 per cent. ; Mn, 0*9 per cent. ; P, O-l per cent. ; S, 
0-06 per cent. ; Si, 0-1 per cent. 

1143. The open-hearth process of making steel is by far the most 
important. In this process pig iron, scrap iron and iron oxide are 
melted together at a very high temperature. The reactions are 
similar to those in the puddling furnace (§ 1139), and, as in this pro- 
cess, the iron oxide reacts with the carbon, silicon, manganese and 
phosphorus of the pig iron, producing the oxides of these elements. 
Carbon monoxide escapes and burns in the air blast. The other 
oxides combine with the linings and form slag. The process is 
simple in prineiple but in practice it required some new method of 
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heating to raise a huge furnace, containing perhaps 100 tons of iron, 
to a strong white heat (c. 1,500® C.). 

Hie furnace illustrated in Fig. 190 is constructed externally of cast 
iron, and is thickly lined with a resistant firebrick containing much 
silica. The bed of the furnace is either hasic^ consisting of lime and 
magnesia, or acidic^ consisting of refractory sand. The former is used 
where much phosphorus is present. The furnace is charged with pig 
iron, scrap steel and some form of iron oxide (luernatite, etc.). Producer 
gas from a separate })roducor is led into the furnace through a 
‘ regenerator,* Rj, containing a checpier'Work of firebricks, which 
have been previously heatiHi by the products of combustion. Air 
passes into the furnacn^ through a second hot regcn(>rator, R^. The gas 
and air burn in the furnace chamber and, since they start at a high 
temperature, their combustion raises them to very high temperature 
in< 1 cod . The hot produ cts of combustion pass ofP through an other pair of 
openings and part with their heat to the regenerators, Rg, R 4 , as they 
leave. When these regenerators are hot and the otliers cool, the gas and 

air are switched over to the hot 
regenerators, R 3 and R 4 , while the 
hot products of combustion .pass 
away through Rj and Rj, heating 
them once more. 

Tlio process lias gained its 
supremacy owing to the ease of 
controlling the composition of 
the steel produced, the uniformity 
of the product and the fact that 
st(Md scrap, of which greafc quan- 
tities are availablts may bo used. 
It uses fuel, wliich is a dis- 
advantage as compared to the 
Bessemer procf^sses, but this is 
counterbalanced by the better yield of steel. 

1144. Electric Steel. — ^Electric furnaces give a peculiarly puit^ steel 

very fi*ee from sulphur. The furnaces are commonly used for further 
refining ordinary steel, for the cost of making steel electrically from pig 
iron and oxide is somewhat high. Steel is melted on a basic lining and 
some lime with a little sand and fluorspar (to act as a flux) is added. 
I’he furnace is clos(3(l so as to be free from oxygen, and left for some 
tirn( 3 . The lime forms calcium carbide and sulphide, while the reducing 
conditions remove all oxygen. If an alloy-steel (cf. § 1140) is to bo 
made some ferro -manganese, ferro-chromium, etc., are added. The 

jiroduct is of the quality of the fine crucible steel made by cementation, 

and is much less expensive. The absence of contact with furnace gasses 
renders the castings made from it quite free from gas bubbles, a very 
irnjiortant feature in steel which may be required to undergo great stress. 

1145. The Nature of Steel. — Steel is the most valuable form of iron, 
combining as it does great strength and hardness with toughness, 
and the possibility of being worked with the hammer. It has, more- 
over, the valuable property of being hardened or softened, by suitable 
heat treatment, or tempering. 


ADJUSTABLE GRAPHITE 

ELECTRODES. 



Fig. 191. — Electric steel furnace. 



XVn. StKEL rONTAlNINfJ 0-45 I'KR ('KNT. OaRBON, SLOWLY 
('OOLEO, SHOWINC; 1*EAK[JTE AND FeRRITE ( X lOOOf/). 



XVll. STKETi (’ONTAINTNO 1*5 PER CENT. (>ARBON, SLOWLY 
COOLED, SHOWING PeARLITE AND OeMENTITE (X 1000</). 


I To face p. 742. 









pernHmf.'op of Measrx. Aefrton, Chambers Co., Sheffield. 

XV'^IIJa. Blast iT^itNACK jlant. (’ is the conveyor delivering the 

CHARGE TO THE TOP OF THE BLAST FirRNAI’E B, INTO WHICH AIR IS BEING 
FORCED THROUGH THE PIPE T. ThE PIPE G CARRIES THE GAS FROM THE 
FURNACE THROUGH THE DUST TRAP 1), AND THE PIPE E, TO THE STOVES S, 
WHERE IT IS BURNT TO HEAT THE INCOMING AIR. ANOTHER PORTION OF 
THE GAS IS WASHED FREE FROM DUST IN THE TOWER W, AND USED AS TUEL 
FOR THE LARGE GAS ENGINES WHICH SUPPLY THE BLAST. 
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When steel is cooled slowly — ^preferably annealed — it is compara- 
tively soft and can be bent, punched, etc., without breaking. If, on 
the other hand, it is suddenly cooled from a high temperature 
(750® C. or over) it becomes intensely hard and very brittle, too 
brittle for most purposes. If the steel is then carefully reheated, it 
becomes less brittle and less hard, and by regulating the temperature 
steels suitable for various purposes are obtainable. Thus, steel for 
razors is reheated very little, for it must be very hard and need 
undergo no shocks. Steel for chisels, etc., must be heated to a good 
deal higher temperature, for these, while they should be as hard as 
j)Ossible, must not be at all brittle. 

To understand these properties of steel it is necessary to realise 
that we are not considering a pure material but a mixture of iron 
and carbon. These elements form a compound, cementite, FegC, 
and several solid solutions of carbon in iron, e.g,, martensite and 
austenite. Iron itself exists in several allotropic forms. 

Pure iron consists of a mass of crystals of ferrite or a-iron. Iron 
with a. small proportion of carbon (low carbon steel) separates on 
slow cooling into crystals of pure iron and a material of finely 
laminated structure, called pearlite (Plate XVI.), consisting of 
alternate layers of iron and iron carbide (cementite). A steel with 
more carbon separates into iron carbide {cementite) and the same 
pearlite (Plate XVII.). If it is quenched, i.e,, suddenly cooled 
from a high temperature, the separation into iron and iron carbide 
does not occur, and a very hard and brittle solid solution of carbon 
in iron remains. These solid solutions {austenite or martensite) 
(Plate XVIII.) when gently heated are partly converted into 
cementite, and this intimate mixture of cementite and martensite 
(known as troostite) is the main constituent of tempered steel. 

Cast iron differs from any type of steel in that it contains particles 
of free graphite interspersed amongst pearlite and cementite. The 
other impurities present greatly modify the character of its structure. 
Its microstructure is not unlike that of Plate XVII., but is inter- 
spersed with black particles of graphite. 

Very pure iron for laboratory purposes may be prepared by 
reduction of pure ferric oxide in a current of hydrogen, 

FCgOg -f" SHg 2Ee -f" SHgO. 

The electrolysis of a solution of a ferrous salt also yields iron of very 
high purity. 

1146. Physical Properties of Pure Iron. — Iron is a white metal. It 
melts at the high temperature of c. 1,525® C., and it boils in the 
electric furnace. The melting point is considerably lowered by the 
presence of carbon. Its density is 7*85, and its specific heat is 
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0*110. The magnetism of iron is a remarkable phenomenon. Some 
degree of magnetism is exhibited by almost all elements, some being 
slightly repelled, others attracted by the magnet. Iron, however, 
shows a far more powerful degree of magnetism than any other 
element. The property is only exliibited below 769° C., and is there- 
fore probably connected with the form of iron known as a-iron. Two 
other forms of iron probably exist at higher temperatures. 

1147, Chemical Properties. — Iron combines readily with oxygen, 
burning in air if finely divided and burning vigorously in oxygen, 
emitting peculiar branched sparks. The magnetic oxide of iron, 
J'^804, is produced. The ready combustion of iron in a stream of 
oxygen has been used for cutting large masses of metal, such as 
armour-plate. The metal is heated locally to a white heat by an 
oxyacetylene blowpipe and the acetylene is then cut off. By suit- 
able regulation of the oxygen stream the iron is made to burn away 
in any direction desired. 

Iron burns in chlorine, yielding ferric chloride (§ 1170), and in 
sulphur vapour yielding ferrous sulphide, 

2ro + 3 CI 2 = 2reCl3 
Fe + S = FeS. 

It combines directly with the other halogens. Iron forms com- 
pounds with phosphorus, carbon and silicon when heated with them, 
and these are present in cast iron and steel. 

Red-hot iron reacts directly with water in the form of steam, the 
magnetic oxide and hydrogen being formed, 

3Fe -f- 4H2O == FC3O4 “f- 4112* 

1148. Rusting of Iron. — With cold water a different type of 
reaction takes place. Everyone is familiar with the fact that iron, 
if allowed to become damp, becomes covered with a reddish-yellow 
material known as rust. Analysis shows this to be a mixture of 
ferric hydroxide and ferric oxide, varying in composition between 
the limits Fe(OH)3 or (Fe203 . 3H2O) and FcgOs- 

The actual process of rusting is, of course, of the highest import- 
ance, for the final fate of most iron articles is to be detroyed by 
rust. 

Water alone will not cause rusting to take place, as the following 
experiment will show. Of two flasks one is filled with tap water and 
the other with the same water boiled vigorously for twenty minutes 
to remove all air, and a bright iron or steel nail is placed in each. 
The surface of the boiled water is covered with an inch of melted 
vaseline or heavy oil to exclude all air, and the other flask is plugged 
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with cotton wool to admit air but exclude dust. In a year’s time 
the nail in the open flask will be almost wholly converted into rust, 
while that in the boiled water remains bright. That liquid water 
and not merely w^ater vapour is needed for rusting is shown by the 
fact that iron articles kept warm, e.gr., a pocket knife kept in a 
trouser pocket, do not rust despite the fact that water vapour 
always surrounds them. 

There is still some dispute as to whether pure iron will rust in 
presence of pure water and pure oxygen alone. It seems, however, 
well established that an impurity in the iron is necessary to cause 
rusting and that the process is greatly accelerated by the presence of 
carbon dioxide. If one part of the piece of metal is electropositive 
with respect to another, that piece will tend to dissolve more rapidly. 




Fia. 192. — Effect of difference in Fia. 193. — Ruatinp of iron by differen- 
potential in causing rusting of tial aeration. Note that in this and 
iron. Fig. 192, tlio “ current *’ is figured 

as flowing from negative to positive, 
the actual direction of flow of 
electrons. 


just as pure zinc dissolves in acid more rapidly when in contact with 
a piece of copper. Ordinary iron and steel contain numerous 
impurities, which set up centres of rusting, and even if such impuri- 
ties are not present a scratch on the surface of the iron will start 
rusting, for the metal which has been strained or deformed by 
pressure, etc., is electropositive to the unstrained metal. 

If, of two adjacent portions of iron, one is more electronegative 
(cathodic) and the other more electropositive (anodic), the iron 
at the latter loses electrons and goes into solution as ferrous ion 
Fe+ 

The electrons flow to the cathode where they form OH~. No 
corrosion occurs at the cathode. The ferrous ion and hydroxyl ion 
diffuse into the water and where they meet react with the oxygen in 
the air, giving the very insoluble Fe(OH)3 which deposits. This may 
occur on the metal or elsewhere. It is noticeable in the experiment 
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described above that rust deposits on the walls of the flask as well 
as on the metal, showing the latter was at some time dissolved. 

It has recently been shown by U. R. Evans that a considerable 
cause of rusting is differential aeration. If a cell be set up of which 
one element is iron in water containing dissolved oxygen and the 
other iron in oxygen-free water, a current flows, the aerated metal 
being the cathode and the non-aerated the anode. Thus corrosion 
takes place at the non-aerated portion. 

The ferrous ion so produced will dissolve and, where it meets the 
oxygen of the air, will form ferric hydroxide. Thus corrosion is 
worst at the deepest part of a rust-spot — the part most remote 
from the air — and thus a spot of rust tends to “ pit and form a 
hole. 

1149. Action of Acids upon Iron. — When acids which are not 
oxidising agents attack iron a ferrous salt and hydrogen are formed, 

Ee + 2HC1 = EeClg + Hg. 

Cast iron and steel evolve their combined impurities (§ 1138) as 
gaseous hydrides. Thus the hydrogen obtained by dissolving cast 
iron in acids contains various hydrocarbon gases, such as acetylene, 
and smaller quantities of hydrogen sulpliide, phosphine, arsine, and 
silicon hydride. The gas is therefore poisonous and malodorous. 

Acids which are oxidising agents are reduced. Thus strong 
sulphuric acid yields sulphur dioxide, and both ferrous and ferric 
sulphates, 

Ee + 2H0SO4 = EeS04 +SO2 + 2H2O 

2EeS04 + 2H2SO4 = Ee2(S04)3 + 2H2O + SO2. 

A good deal of sulphur is also produced. 

Dilute nitric acid is reduced to ammonia, while stronger acids 
give nitrous oxide, nitric oxide and nitrogen peroxide. Ferrous 
nitrate is formed with very dilute acids, but with stronger acids 
the ferric salt is produced. (For equations, v. § 744). 

Concentrated nitric acid renders iron passive. Iron which has 
been dipped in concentrated nitric acid or chromic acids remains 
bright and unaffected, and if removed, appears chemically inert, 
failing, for example, to precipitate copper from copper sulphate. It 
is generally held that this passivity is due to the nitric or chromic 
acid producing a transparent impervious layer of oxide (probably 
the magnetic oxide of iron, Ee304), which protects the metal from 
chemical action. 

Iron is not appreciably attacked by alkalis except at high tem- 
peratures. If fused with alkalis and an oxidising agent ferrates may 
be formed (p. 749). 
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1150. Atomic Weight of Iron. — ^Thai the atomic weight of iron is 
nearly 56 is shown hy the application of Diilong and Petit’s law, and 
also by the vapour densities of its volatile compounds (e.g., the 
carbonyls). 

The equivalents of iron in ferrous and ferric compounds respec- 
tively are nearly 28 and 18*7. 

Accurate values have been obtained by converting known weights 
of ferrous chloride and bromide into silver chloride or bromide, and 
also by the reduction of ferric oxide to the metal. The results 
obtained indicate a value of 55*84. Iron consists of two isotopes of 
atomic weight, 56 and 54. 

1151. Iron Hydrides. — Two iron hydrides, a black powder FoHg, and 
a black viscous oil FeH^, have been prepared by the action of magnesium 
phenyl bromide on chlorides of iron. 

Oxides and Hydroxides of Iron. 

There are three oxides of iron : — 

Ferrous oxide ..... FcO 
Ferrosoferric oxide .... 1^0^04 

Ferric oxide ..... FcaGg 

1162. Ferrous Oxide FeO. — This oxide is difficult to prepare in the 
pure state. It is prepared by reducing ferric oxide heated to 300® C. 
in a current of hydrogen, 

Fe^O,, + == 2FeO + H^O 

or by heating ferrous oxalate, 

reC204 = FeO + CO + COg. 

Tlie oxide is in both cases likely to contain metallic iron. 

Ferrous oxide is a black powder, which burns, often spon- 
taneously, in air, forming ferric oxide. 

It is a basic oxide, readily dissolving in acids to form ferrous salts. 

The oxide is rarely met with, owing to the difficulty of 
preserving it. 

1168. Ferrous hydroxide Fe(0H)2 is prepared by the action of 
solutions of alkalis upon solutions of ferrous salts. If great precau- 
tions are taken to exclude air it forms a white precipitate, but if air 
is present it becomes green and finally brown, ferric hydroxide being 
formed, 

4Fe(OH)2 + O2 + 2H2O = 4Fe(OH)3. 

It is difficult to prepare in the dry state for this reason. 

Ferrous hydroxide, like other ferrous compounds {v, § 1156), is a 
strong reducing agent. 
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1154. Ferrosoferric Oxide, Magnetic Oxide of Iron, Fe^O^. — This 
oxide is formed when iron burns in oxygen or when it is heated in 
steam. It occurs in nature as magnetite. This mineral, which forms 
shining black crystals or masses, is the lodestone or natural magnet. 
Naturally occurring pieces of this substance have acquired, as a 
result of the influence of the earth’s magnetism, north and south 
magnetic poles. Pieces of the natural mineral are true magnets and, 
if suspended, will point north and south as does a compass needle. 

The magnetic oxide is unaffected by heating in air to temperatures 
attainable in the laboratory. At very high temperatures, 1 ,300° C. 
and above, it forms ferric oxide. Hydrogen reduces it to the metal. 

Acids do not readily attack the oxide, but hydrochloric acid 
forms ferric and ferrous chloride, 

Fe304 + 8HC1 = FeCla + 2FeCl3 + 4 H 2 O. 

Nitric acid does not affect the oxide, as usually prepared. 

1155. Ferric Oxide FegOg. — ^This oxide occurs in vast quantities as 
a licematite and s'pemlar iron ore, which latter is a crystalline form. 
It is a by-product of the roasting of iron pyrites in the manufacture 
of sulphur, 

4FcS2 +1102 = 2 Fe 203 + SSOg. 

In the laboratory it may be made by heating ferric hydroxide, or 
better, by heating ferrous sulphate, 

2 FeS 04 = FcgOa + SOg + SO 3 . 

The finely divided oxide produced by the latter process is some- 
times known as jeweller^s rouge. 

Ferric oxide is a red powder of which the tint varies somewhat 
with the mode of preparation. The pigments, red ochre, Venetian 
red, Indian red, are all forms of this oxide. It is an extremely 
stable substance, unaffected by heat or the action of air or water. 
Hydrogen and carbon monoxide reduce it to ferrous oxide and then 
to the metal. 

The oxide prepared at a low temperature is fairly easily attacked 
by acids, but after being heated to about 650° C. it glows and is then 
resistant to the action of acids. In this state nitric acid will not 
affect it, while hydrochloric and sulphuric acids slowly attack it, 
forming ferric salts, 

FcgOg + 6HC1 == 2FeCl3 + SHgO. 

Ferric oxide finds extensive uses as an ore of iron, as a red pigment, 
as a polishing powder, and as a catalyst in the contact process for the 
manufacture of sulphuric acid. 

Ferric Hydroxides, There appear to be more than one ferric 
hydroxide. It seems that the following hydrates certainly exist : — 
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Fe^Oj . H2O 


FegOj . SHjO 


/OH 

Fe'"^ 

0<>0 

Fev 

OH 

HO— Fe< 




OH 


The first of these is known as goethite, and is the chief constituent 
of iron rust. The second is the precipitated ferric hydroxide 
obtained by the action of alkalis on ferric salts. 

Ferric hydroxide Fe(OH )3 forms a brown voluminous precipitate. 
When dried and heated it forms ferric oxide. It is readily soluble 
in acids, forming ferric salts. 

Ferric hydroxide is easily obtained as a colloidal solution. The 
simplest method of preparing such a solution is to add to 500 c.c. of 
vigorously boiling water 2 to 3 c.c. of 30 per cent, ferric chloride 
solution. The colloidal solution may be dialysed (§ 598) to purify it. 

Ferrous acid HFeOg or FeO(OH) is obtained by the action of 
water on sodium ferrite. 

The Ferrites are compounds of bases with ferric oxide. They are 
prepared by heating intimate mixtures of the oxides of metals with 
ferric oxide. In this respect ferric oxide behaves as an acidic oxide. 

Ferrates and perferrates are also known. The latter form reddish- 
purple solutions resembling the permanganates, both in colour and 
in oxidising properties. Potassium perferrate K 2 Fe 04 may be made 
by the action of chlorine on a suspension of ferric hydroxide in 
caustic potash solution, 

2Fe(OH)3 + lOKOH + 3Cla = 21^2^604 + 6KC1 + SHgO, 
or by fusing iron filings with potassium nitrate. 


Salts of Ikon. 

Iron forms two series of salts : — 

Ferrous salts, in which iron is divalent. 

Ferric salts, in which iron is trivalent. 

1156. General Properties of Ferrous Salts. — The ferrous salts are, 
in general, white when anhydrous and pale green when hydrated or 
in solution. They have a peculiar ‘ chalybeate ’ bitter taste, and are 
not poisonous in reasonable doses. Ferrous salts are particularly 
characterised by their reducing power. 

Ferrous salts are in presence of acids oxidised to ferric salts by 
the majority of oxidising agents. 
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The characteristic reaction for the reducing action of a ferrous salt 
in solution is 

2Fe+ + + 2H+ + XO = 2Ee+ + + + HgO + X. 

If acids are not present basic salts are produced. Among the oxidis- 
ing agents which will oxidise ferrous salts to ferric salts are free 
oxygen, nitric acid, the halogens, the permanganates and dichro- 
mates. 

The oxidation of solutions of ferrous salts by free oxygen is 
apparently brought about mainly through the hydroxide. Solu- 
tions of the salts in water alone contain free ferrous hydroxide as a 
result of hydrolysis and oxidise rapidly. Strongly acid solutions 
which contain little or no hydroxide are oxidised only slowly by free 
oxygen, 

2FeS04 + ^HgO ^ 2Fe(OH)2 + 2H2SO4 
2Fe(OH)2 + 0 + H2O = 2Fe(OH)3 
2Fe(OH)3 + 2H2SO4 = Fe2(S04)2(0H)2 + 4H2O. 

Brown basic ferric salts are the final product. 

Ferrous salts are occasionally used as reducing agents. Thus gold 
and silver salts arc reduced to the metal by solutions of ferrous salts, 

AUCI3 + 3FeS04 = Au + FeClg + Fe2(S04)3. 

Mercuric chloride is reduced to mercurous chloride by ferrous 
chloride under the influence of light, 

2Hg++ + 2Fe++ = 2Fe+++ + Hg2++. 

Ferrous salts form dark-coloured additive compounds with nitric 
oxide, such as FeSO4.NO, FeClg.NO, etc. The colour is probably 
due to a coloured ion, [FeNO]++. Ferrous salts are catalysts for 
many oxidation and reduction reactions, particularly where the 
oxidising agent is hydrogen peroxide. 

Ferrous salts give, with alkalis, a whitish or greenish precipitate of 
ferrous hydroxide, 

Fe++ + 20H- Fe (OH)2. 

With hydrogen sulphide they give a black precipitate of ferrous 
sulphide, 

FeS04 + H2S ^ FeS + H2SO4, 

but precipitation does not take place in presence of acids, nor 
is it complete unless alkalis are present (§ 902). Ferrous salts 
are distinguished from ferric salts by their reaction with ammonia, 
which yields a green precipitate with ferrous salts and a brown 
precipitate with ferric salts. They are also detected even in very 
small quantity by the blue precipitate of Tumbuirs blue given 
when potassium ferricyanide is added to their solutions (v. § 1171). 
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1157. Ferrous Carbonate FeC 03 occurs native as spathic iron ore. 
It is obtained also by adding air-free sodium carbonate solution to 
air-free ferrous sulphate solution. It forms a white precipitate, 
which becomes green and then brown in presence of air. 

In presence of excess of carbon dioxide the unstable soluble 
ferrous bicarbonate, Fe(HC 03 ) 2 , is formed (cf. § 1148). 

1158. Ferrous Nitrate has been prepared as a hydrate, 
Fe(N 03 ) 26 H 20 .' It is very unstable and is best prepared by grinding 
equivalent quantities ferrous sulphate with lead nitrate in the 
presence of dilute alcohol, in which lead sulphate is very insoluble, 

FeS04.7H,j0 + Pb(N03)2 = Fe(N03)2.6H20 + PbSO. | + H^O. 

Evaporation at a low temperature yields green crystals very 
soluble in water. They readily decompose, forming basic ferric 
nitrate. 

1159. Ferrous Sulphide FeS. — Ferrous sulphide is obtained by 
heating iron with sulphur or by the action of hydrogen sulphide on a 
ferrous salt. 

It is a black insoluble substance. Heated in air it is oxidised to 
ferrous sulphate and on further heating to ferric oxide, 

FeS + 2 O 2 == FeS 04 , 

2 FeS 04 ~ Fe 203 “f* SO 2 SO 3 . 

It dissolves in acids, forming ferrous salts and hydrogen sulphide 
and is the usual source of the latter gas (§ 98). 

1160. Ferrous Sulphate, Green Vitriol, FeS04 . 7 H 2 O. — ^Ferrous 
sulphate is the most important of the ferrous salts. It occurs native 
as melanterite or ‘ copperas,’ which results from the oxidation of 
pyrites. This substance was known to the Greeks and Romans, 
who used it both medically and in the preparation of ink. The salt 
is prepared commercially by stacking iron pyrites in heaps and 
exposing them to the action of air and water. Ferrous sulphate and 
sulphuric acid result, the latter being neutralised by scrap-iron, 

2FeSa + 10 ^ + 2H2O == 2FeS04 + 2H2SO4 
Fe + H2SO4 = FeS04 + Hg. 

The liquors are boiled down and crystallised. Ferrous sulphate, 
so made, usually contains traces of other metals. The pure salt is 
best made by heating pure iron wire with dilute sulphuric acid 
(c. 30 per cent.) until no more will dissolve. The hydrogen evolved, 
which has an offensive odour if the iron is not free from impurities, 
may be led into a Bunsen flame and burned. The solution is heated 
to boiling and rapidly filtered into a basin containing a few drops of 
the dilute acid. The salt crystallises and should be well dried on 

filter papers at a temperature not above 30® C. A product free from 

3 c 2 
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ferric sulphate may be made by precipitating the salt with alcohol. 

Ferrous sulphate is white when anhydrous, but the usual salt, the 
hcptahydrate, is green. 

When heated, water of crystallisation is first lost and the salt then 
decomposes, forming first ferric sulphate and then ferric oxide, 
giving off sulphur dioxide and sulphur trioxide, 

2FeS04 = FegOg + SOg + SO3. 

This process was once used to prepare sulphuric acid, whence its 
name oil of vitriol. 

Solutions of ferrous suljihate are valuable reducing agents 
(v. § 1156). Ferrous sulphate forms a compound, FeSO4.NO 
(which has been isolated as unstable red crystals) with nitric oxide, 
and the colour of this has been utihsed in the ‘ brown-ring test ’ for 
nitric acid or nitrates (v. § 749). 

Ferrous sulphate is used in the preparation of nitric oxide (§712 (3) ) 
and of ferric sulphate and ferric oxide. It is also used in the manu- 
facture of ink, which is made from the gallic acid from gall-nuts and 
ferrous sulphate. Inks of this composition have been used for more 
than a thousand years, and none of the more recently discovered 
colouring matters has the same degree of permanence. Modern inks 
usually contain aniline dyes, which give a strong colour, and some 
iron gallate which gives permanence. 

Ferrous ammonium sulphate FeS04.(NH4)2S04.6H20. This salt 
is made by adding ammonium sulphate solution saturated at 40° C. 
to ferrous sulphate dissolved in as little air-free water as possible at 
the same temperature. The solutions should be faintly acid. On 
cooling, pale green crystals deposit. It is used in analytical work 
in preference to ferrous sulphate, since its solutions do not oxidise 
so quickly as those of the latter salt. It is readily soluble in water, 
100 gms. of which dissolve 20 gms. of the salt at 16° C. 

Many other double salts derived from ferrous sulphate are known. 

1161. Ferrous Chloride FeCl 2 . — ^The anhydrous salt is obtained by 
heating iron filings in a current of hydrogen chloride, 

Fe + 2HC1 = FeCl2 + Hg, 

or better by igniting ammonium tetrachloroferrite (described below) 
in absence of air, and the hydrated salt is obtained by dissolving 
pure iron in air-free dilute hydrochloric acid with the precautions 
described under Ferrous Sulphate (§ 1160). 

Anhydrous ferrous chloride forms white scales, and the usual 
hydrated salt, FeCla.4H20, forms greenish-blue monoclinic crystals. 

The salt is very soluble in water, 100 gms. of which dissolve about 
67 gms. of the anhydrous salt at 15° C. 
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Anhydrous ferrous chloride, when heated in air, is oxidised to 
ferric chloride and oxide, 

12 FeCl 2 + 3O2 == 2Fe203 + SFcClg. 

In addition to the usual properties of ferrous salts (§ 1156 ) and 
chlorides (§ 1057 ) it shows a tendency to form complex loose 
compounds. Thus with ammonia it forms FeClg . 6N.n3 and 
FeCl2.2NH3, with nitric oxide it forms the compound FeCl2.NO, 
which is very unstable and has not been isolated, and with nitrogen 
peroxide, 4FeCl2.N02, which is fairly stable. It forms numerous 
double salts, of which ammonium tetrachloroferrite or ferrous 
ammonium chloride (NH4)2FeCl4 or FeCl2.2NH4Cl is the best 
known. The salt is prepared by crystallising a mixture of ferrous 
and ammonium chlorides with due precautions to exclude air. 

1162. Ferrosoferric Chloride FesClg . I 8 H 2 O. — There exists one salt 
intermediate between the ferrous and ferric compounds and apparently 
derived from ferrosoferric oxide Fe 304 . This salt, ferrosoferric chloride, 
is obtained by dissolving magnetic oxide of iron in concentrated aqueous 
hydrochloric acid and evaporating the solution over sulphuric acid. It 
forms a yellow deliquescent mass. 

1163. General Properties of Ferric Salts. — ^The ferric salts, in which 
iron is trivalent, are for the most part white or yellow. In solution 
they are yellow, though the presence of colloidal ferric hydroxide 
often gives them a deeper colour. Ferric salts are more easily hydro- 
lysed than ferrous salts, for ferric hydroxide is a weaker base than 
ferrous hydroxide. Thus ferrous carbonate and acetate exist while 
ferric carbonate and acetate are hydrolysed to the acid and base. In 
general it is found that the higher salts of a metal are always more 
readily hydrolysed than the lower salts. 

Ferric salts are mild oxidising agents. They are reduced to 
ferrous salts by nascent hydrogen, sulphur dioxide, iodides, zinc, and 
other electropositive metals, thiosulphates and stannous chloride. 
The reactions are discussed under the headings of the reducing 
agents in question, but equations may here be given to show the 
course of the reactions, 

FeClg + H = FeCl2 + HCl 

^62(804)3 + H2SO3 + H2O = 2FeS04 + 2H2SO4 
FeCl3 + KI ^ FeCl2 + KCl + I 
Fe2(S04)3 + Zn = 2FeS04 + ZnS04 
2 FeCl3 + 2Na2S203 == 2FeCl2 + 2 NaCl + Na2S40e 
2FeCl3 + SnClg = 2FeCl2 + SnCl4. 

Ferric salts of certain organic acids or mixtures of ferric salts and 
organic compounds are reduced under the influence of light. The 
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reduction of ferric oxalate is used in the well-known blue-print 
process. The sensitive paper used for this purpose has been pre- 
viously soaked in a solution of ferric oxalate or other organic ferric 
salt. It is exposed under a negative and where light falls on it 
ferrous oxalate is formed. 

I'e2(C204)3 = 2FeC204 + 2CO2. 

The paper is then developed with a solution of potassium ferri- 
cyanide solution, which gives TurnbulVs blue with the ferrous salt 
formed by the action of light, the unreduced ferric salt remaining 
white. 

1164. Ferric Nitrate FeCNOsla is obtained by acting on iron with 
dilute nitric acid. Ten grams of the metal may be dissolved in 
100 gms. of nitric acid (sp. gr. 1‘3) and an equal volume of nitric acid 
(sp. gr. 1*4) added. Crystals of Fe(N 03 ) 3 . 9 H 20 separate. 

When quite pure it forms colourless crystals. It finds a use as a 
mordant in dyeing. 

1166. Ferric Carbonate does not exist, iron in this respect resembling 
most other ti ivalent metals. 

1166. Ferric Thiocyanate Fe(CNS) 3 . — This salt is of interest on 
account of its deep red colour. It is formed when a thiocyanate is 
added to a solution of a ferric salt, a reaction which is used as a test 
for ferric iron. It crystallises in deep red cubes. Solutions of ferric 
thiocyanate are decolorised by weak organic acids, and even dilution 
alone is sufficient to reduce the coloration. These facts are 
accounted for if we reflect that, since the ferric ion is yellow and the 
thiocyanate ion is colourless, it must be the undissociated ferric thio- 
cyanate which is blood-red in colour. This dissociates in solution 

re(CNS )3 ^ Fe+++ + 3(CNS)- 

Bed. Yellow. Colourless. 

Dilution increases the degree of ionisation and so decreases the 
colour. Acids add hydrion, which combines with and removes the 
thiocyanate ion, thus causing the ferric thiocyanate to dissociate 
further. 

1167. Ferric sulphide PeaSg is obtained by the action of hydrogen 
sulphide on ferric oxide. The latter reaction is used in the purification 
of coal-gas. 

1168. Iron Disulphide, Iron Pyrites, FeSs, ^ common 
mineral. It occurs in hard yeUow cubes of brassy appearance. 
Another form of the same substance is marcewf/c, which has the 
same metallic appearance but a nearly white colour. 

Pyrites is supposed to have been formed by the reduction of 
ferrous sulphate contained in water by organic matter ; but this can 
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hardly account for the vast masses of the mineral found in Spain 
and other places. 

Pyrites when heated in air bums, forming ferric oxide and sulphur 
dioxide, and is the cheapest source of the latter gas. Exposed to the 
action of air and water it becomes oxidised to ferrous sulphate and 
sulphuric acid, 

2 FeS 2 + 7O2 + 2H2O = 2FeS04 + 2H2SO4. 

1169. Ferric Sulphate Feo(S04)3. — The anhydrous salt may be 
made by heating the hydrate, which is most readily obtained by 
heating ferrous sulphate with nitric and sulphuric acid. 

Twenty grams of ferrous sulphate are dissolved in 20 c.c. of dilute 
sulphuric acid (15 per cent.). The liquid is heated to boiling in a 
150 c.c. porcelain dish and concentrated nitric acid is added 1 c.c. 
at a time until a specimen, on dilution, gives no blue colour with 
freshly-prepared potassium ferricyanide solution. The operation 
should be performed in the fume cupboard. The solution is 
evaporated to about half its bulk, when it will solidify on cooling to 
a whitish mass of ferric sulphate. The anhydrous salt and the 
usual hydrate, Fe2(S04)3.9H20, are white solids. When heated 
ferric sulphate decomposes, giving ferric oxide and sulphur trioxide, 

^62(804)3 = Fe203 + 3SO3. 

In solution the salt is readily hydrolysed, precipitating rather 
indefinite brown basic salts, 

Fe2(S04)3 + 2H2O ^ Fe2(S04)2(0H)2 + H2SO4. 

These precipitates redissolve in acids. 

Ferric sulphate forms alums (§ 493) with the sulphates of the 
alkali metals. 

Potassium iron alum K2SO4 . Fe2(S04)3 . 24H2O, known as iron 
alum, is made by mixing concentrated solutions of the sulphates of 
the two metals. The alum is often slow to separate out, but 
ultimately crystallises as pale violet octahedra. It is a useful salt in 
that it is one of the few ferric compounds which can be crystallised 
and so obtained in a state of purity, which ensures a constant 
composition. It is therefore used as an analytical standard of ferric 
iron. It also finds a use as an indicator in the titration of silver 
(§ 321). 

1170. Ferric Chloride FeClg. — The anhydrous salt is prepared in 
the laboratory by pjissing a current of dry chlorine over heated iron. 
A bundle of iron wires (about 1 mm. in diameter) may be placed in a 
wide tube (c. 2 cm.) connected to a bottle as in Fig. 194. Chlorine, 
which must be well dried with sulphuric acid, is led over the gently 
heated metal, which bums, yielding the volatile chloride, which 
condenses in the bottle as glistening crystals. 
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The anhydrous salt made in this way forms dark red-brown scales, 
which volatilise below 300° C. 

,, The hydrated salt, which is the form of ferric chloride commonly 
met with in the laboratory, consists mainly of the dodccahydrate, 
Fe2Cl0l2H2O ; and three other hydrates also exist. The crystalhsed 
salt may be prepared by the action of hydrochloric acid on ferric 
oxide. 

Ferric chloride is exceedingly soluble in water, 100 gms. of the 
latter dissolving 92 gms. of ferric chloride at 20° C., and no less than 
636 gms. at 100° C. The solubility curve is very complex as a result 
of the existence of so many hydrates. 

Ferric chloride is soluble in ether, and it is possible to remove 
ferric chloride from a solution by shaking it with this solvent. 


1 



Fio. 194. — Preparation of anhydrous ferric chloride. 

Anhydrous ferric chloride decomposes when heated to 500° C., 
giving ferrous chloride and chlorine. The solid is reduced by 
hydrogen to ferrous chloride. 

Solutions of ferric chloride are brown to yellow in colour. They 
are rapidly hydrolysed by water and become dark in colour, 

FeClg -f 3H2O ^ Fe(OH)3 + 3HC1, 
from the production of colloidal ferric hydroxide (p. 749). 

Ferric chloride is reduced to ferrous chloride by suitable reagents 
(§ 1163). 

Ferric chloride forms many double salts. 

Ammtmium tetrachlor ferrate NH 4 FeCl 4 , or ferric ammonium chloride, 
is obtained by heating ammonium chloride with anhydrous ferric 
chloride. It is interesting as having a definite boiling point, 386® C. 

1171. Prussian Blue. — ^The ferrocyanidea and ferricyanidea are 
discussed in Chapter XV., but something may be said here about 
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the ferrocyanides and ferricyanides of iron. Numerous blue 
materials are derived from iron salts and ferro- or ferri-cyanides. 
It is probable that these are : (a) Colloidal in character, (6) mixtures. 
The formation of these compounds may be summarised as below. 



li'efrouB salt. 

Ferric salt. 

Ferrocyanide 

White precipitate 

Prussian blue 

Ferricyanide . 

Turnbull’s blue 

Brown solution 


It would be thought from the above that Prussian blue was 
ferric ferrocyanide re4[Fe(CN)e]3, and Turnbull’s blue ferrous 
fcrricyanide Fe3[Fe(CN)3]2, but in actual fact analyses show that 
they are identical. The reason is that the ferric ion oxidises the 
ferrocyanide ion giving some ferrous ion and ferricyanide ion. 
Ferrous ion, also, reduces the ferricyanide ion to some extent to 
ferrocyanide ion, itself forming ferric ion. Thus a mixture of 
potassium ferricyanide with a ferrous salt or of potassium ferro- 
cyanide with a ferric salt contains all four ions. 

Fe++, Fe+++, Fe(CN)6"", Fe(CN)e"'. 

K+ ion will also, of course, be present. These ions react, giving a 
mixture of blue compounds chiefly ferrous potassium ferricyanide, 
ferric potassium ferrocyanide with some ferrous ferricyanide and 
ferric ferrocyanide. 


ferrous ion : Ferrocyanide lon^ 

+ Fe(CN)r* 

+ K" 


11 


Fe''" + Fe{CN);" 

Ferric ion : Ferricyanide |ion 
Fia. 195, 



Fe”K[Fe(CN)e,] 

■ferrous potassium ferricyanide 

, Fe“K[Fe(CN)J 
ferric potassium ferrocyanide 

Fe^ [Fe(CN)J, 
ferrous ferricyanide^ 

Fe? [Fe(CN)J, 

ferric ferrocyanide 


1UIIXTURE CONSTITUTING 
PRUSSIAN BLUE AND 
TURN BULL’S BLUE 


The forms known as “ soluble ” and insoluble Prussian blue ** 
differ only in the size of their particles. 

Insoluble Prussian blue is formed when an excess of a ferric salt is 
mixed with a ferrocyanide as a deep blue precipitate which does not 
dissolve in water. 

Soluble Prussian blue is obtained when cold neutral solutions of a 
ferric salt and a ferrocyanide are mixed. It is readily soluble in excess 
of water. * 

Other Prussian blues are formed by oxidising ferrous ferrocyanide 
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which is obtained as a white precipitate when a ferrous salt and a ferro- 
cyanide aro mixed. These blues resemble soluble Prussian blue but 
differ from it in that they are insoluble in oxalic acid solution. 

Ferrous ferrocyanide is formed as a white precipitate when pure 
ferrous salt is mixed with a ferrocyanide. It oxidises rapidly in air, 
forming Prussian blue. This method of preparing Prussian blue is used 
on the large scale. The oxidation of the white ferrocyanide to blue 
ferric ferrocyanide is usually accomplished by means of nitric acid. 

Prussian blue is a deep blue powder with a coppery lustre. It finds a 
considerable use as a pigment, as it has great colouring power and is also 
very permanent. It is a stable substance, being attacked only by 
strong acids and alkalis. 

1172. Iron Carbonyls. — Iron forms a series of interesting compounds 
with carbon monoxide. They include : — 

Iron pentacarbonyl .... Fe(CO )5 

Diferrononaearbonyl .... Fe 2 (CO)B 
Triferrododecacarbonyl .... Fe 3 (CO)ij 

Iron pentacarbonyl is obtained by the action of carbon monoxide on 
finely divided iron, obtained by the reduction of ferrous oxalate with 
hydrogen. The carbonyl is distilled over at 120® C. It forms a thick 
yellow liquid, soluble in organic solvents. It is decomposed by light. 

An interesting case has recently (1930) been reported, where a cylinder 
of coal gas, overlooked for thirty years, was found to bum with a 
peculiar luminous and smoky flame. It was found that the gas con- 
tained an appreciable amount of iron pentacarbonyl. This shows that 
iron and carbon monoxide combine to an appreciable extent in the cold. 
It is not milikely that many interesting facts remain undiscovered 
owing to the short time usually allowed for a chemical reaction. 

n^e other iron carbonyls are solids. The nonacarbonyl is obtained 
by the decomposition of the pentacarbonyl. For the strue.tiiro of these, 
see § 1217a. 

1178. Detection and Estimation of Iron. — ^All iron compounds when 
mixed with sodium carbonate and heated on charcoal in the reducing 
flame, yield metallic iron as a grey-black powder, attracted by a 
magnetised knife blade. 

Ferrous salts and ferric salts are detected by their characteristic 
reactions with ferrocyanides, ferricyanides and thiocyanates, which 
are discussed above and on p. 754. 

Iron is estimated gravimctrically by oxidising it to the ferric 
state with nitric acid and precipitating it as ferric hydroxide by 
means of ammonia, or if aluminium is present by means of an excess 
of caustic soda (§ 466). The ferric hydroxide is filtered off, washed, 
ignited and weighed. 

Iron is determined volumetrically by first reducing it to the 
ferrous state and then titrating it with potassium permanganate 
(v. § 1120). The reduction may be conducted by means of nascent 
hydrogen, sulphur dioxide, or stannous chloride. For details a 
text-book of chemical analysis should be consulted. 

Ferric iron can also be determined by reduction with titonous 
chloride (§ 659). 
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COBALT Co, 68*94 

1174. Historical. — Tho metal cobalt has only been known since 
1733. Its minerals have, however, been used for colouring pottery 
since the later Egyptian period. The name is said to be the same 
as the German Kobold, a gnome or earth-dwelling spirit. This name 
was given to a certain ore, apparently because it was poisonous. In 
1540 it was discovered that this ore would colour glass, and in 1733 
Brandt extracted a metal from it. 

1175. Occurrence. — Cobalt is found chiefly as arsenides. Cobalt 
glance CoAsS, smaltite CoAsg are common minerals. Near Ontario, 
in Canada, there are considerable deposits of these minerals asso- 
ciated with nickel and silver and these are the most important 
source of the metal. 

1176. Extraction. — The ore is crushed, ground and smelted in 
small blast furnaces . Arsenic trioxide is volatilised, and is condensed 
and sold (p. 569), the earthy matter forms a slag, which is rejected. 
The remainder of the ore is separated into two layers, one a speiss of 
cobalt, nickel, iron and copper arsenides, the other crude silver. 

The speiss is crushed and roasted with common salt, which 
converts it into cobalt, nickel and copper chlorides. The copper 
is removed by precipitation on scrap iron (cf. § 277), and the cobalt 
and nickel arc precipitated as hydroxides by caustic soda. Tho 
precipitate is dried, giving the oxides. The mixed oxides always 
contain some nickel. 

Several methods of separating cobalt and nickel are in use. 
Beside the Mond process (§ 1201) we may mention the following. 

The mixed oxides of cobalt and nickel are dissolved in hydro- 
chloric acid and neutralised with chalk. A solution of bleaching 
powder is then added. The cobalt is precipitated as the hydrated 
oxide, almost free from nickel, 

2CoCl, + 2Ca(OH), + CaOCl, + H,0 = 2 Co(OH )3 | + 3CaCI,. 

This hydroxide is dried and heated, when it forms cobalto- 
cobaltic oxide, 

12 Co{OH )3 = 4C03O4 + I8H2O + Og. 

The oxide so obtained may be reduced to metal by reduction with 
carbon, hydrogen, carbon monoxide or aluminium. The latter is 
perhaps the simplest method of obtaining the compact metal. 
Cobalt may also be prepared by electrolysing cobalt ammonium 
sulphate. 

1177. Properties. — Cobalt is a white metal, rather harder than 
pure iron or nickel. It is slightly magnetic. Cobalt melts at 
1,490° C. Its density is 8*8. Cobalt absorbs up to a hundred times 
its volume of hydrogen (cf, nickel and palladium, §§ 1202, 1222). 
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Cobalt is not oxidised by the air, dry or moist, at ordinary 
temperatures. At a red heat it is slowly oxidised. It is attacked by 
the halogens. 

Cobalt is slowly attacked by acids, dilute hydrochloric and sul- 
phuric acids giving cobalt salts and hydrogen. Nitric acid also 
attacks it. 

1178. Atomic Weight of Cobalt. — ^From Dulong and Petit’s law and 
from its position in the Periodic table a figure of about 69 would be 
expected. 

According to this value cobalt is divalent in most of its compoimds, 
the equivalent being about 30. The most accurate method of deter- 
mining the atomic weight is the conversion of the chloride and bromide 
into the corresponding silver compoimds. A value of 68*94 has been 
adopted. 

1179. Cobalt Oxides and Hydroxides. — Cobalt forms three well- 
defined oxides and a very unstable peroxide, 

Cobaltous oxide .... CoO 
Cobalto-cobaltic oxide . . . C03O4 

Cobaltic oxide ..... CogOg 
Cobalt peroxide .... CoOg 

The first three of these are basic in character. The last is acidic. 

1180. Cobaltous Oxide CoO. — This oxide is best prepared by care- 
ful reduction of cobaltic oxide in a current of hydrogen. It forms a 
grey powder. When heated in air it forms cobalto-cobaltic oxide 
C03O4. When heated in a current of hydrogen the metal is formed. 
It is basic in character and yields cobaltous salts when treated with 
acids. 

1181. Cobaltous Hydroxide Co(OH )29 obtained by the action of 
alkahs on cobaltous salts, exists in two modifications, one blue and 
the other rose-pink. Like ferrous hydroxide and manganous 
hydroxide it absorbs oxygen from the air, forming brown cobaltic 
hydroxide. 

1182. Cobalto-cobaltic Oxide CO 3 O 4 is the oxide of cobalt usually 
met with. It is obtained by strongly heating cobalt nitrate, 

3 Co(N 03)2 == C08O4 + 6NO2 + O2. 

Cobalto-cobaltic oxide is a black powder. It is reduced by 
hydrogen to the metal. 

It gives cobaltous chloride and chlorine when dissolved in hydro- 

’ C03O4 + 8HC1 = 3C0CI2 + CI2 + 4H2O. 

1183. Cobaltic Oxide Co^Og is said to be obtained as a black 
powder when cobalt nitrate is gently heated. It has, however, been 
stated that the product is cobalto-cobaltic oxide with some adsorbed 
oxygen. 
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1184. Cobaltic Hydroxide Co(OH )3 is obtained by the action of 
alkaline oxidising agents, such as sodium hypochlorite on a cobalt 
salt. 

With acids at low temperatures brown solutions, probably con- 
taining cobaltic salts, are obtained. On warming these decompose. 
With hydrochloric acid chlorine is obtained, 

2Co(OH)3 + 6HC1 = 2 C 0 CI 2 + 6 H 2 O + CI 2 . 

1186. Cobalt Peroxide is obtained by the action of certain oxidising 
agents on cobaltous salts. Stable salts, known as cohaUites^ e.g., 
BaCoOg, have been prepared. 

1186. General Properties of Cobaltous Salts. — Cobaltous salts are 
either pink or blue. The pink colour is seen only in the hydrated 
salts. In solution they have a strong pink colour due to the 
cobaltous ion Co++. 

Cobaltous salts give pink or blue precipitates of the hydroxide 
with caustic potash or soda. The precipitate formed by ammonia 
redissolves, forming various cobaltammine salts (§§ 1235 aeq.). 

With hydrogen sulphide in neutral or alkaline solution black 
cobalt sulphide CoS is precipitated. 

Sodium carbonate gives a reddish precipitate of basic cobalt 
carbonate. 

Hypochlorites precipitate black cobaltic hydroxide. 

1187. Cobaltous Carbonate C 0 CO 3 is a bright red powder. As 
obtained by precipitation of a cobalt salt with sodium carbonate 
it is a basic salt, C 0 CO 3 . ?iCo(OH) 2 . 

1188. Cobalt Carbonyls. — Cobalt forms carbonyls (§ 1172a). Two 
of these are known, Co 2 (CO )8 and Co 4 (CO)i 2 » The former is made 
by the action of carbon monoxide at 40 atmospheres pressure and 
160® C. on finely divided cobalt. It forms orange crystals. On 
heating to 60° C. Co(CO )3 is formed in black crystals. 

1189. Cobaltocyanides and Cobalticyanides. — ^These are stable salts and 
resemble in formula and general behaviour the ferrocyanidos and ferri- 
cyanides. The cobaltocyanides are, however, much more readily 
oxidised than the ferrocyanides. 

1190. Cobalt Silicate, Smalt, is the most important compound of 
the element. It is made by fusing cobalt oxide with silica and 
potassium carbonate. A glass is formed of a very deep blue colour. 
This is ground and forms a very stable deep blue pigment. 

The blue colour of cobalt silicate makes cobalt compounds useful 
for colouring porcelain and glass. The Chinese blue porcelain and 
also almost all modem blue china is coloured with cobalt compounds 
in a greater or less state of purity. Copper gives a greenish blue 
colour, cobalt a reddish blue. 
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Thinard's blue is probably an alnminate of cobalt. It is obtained by 
mixing a cobalt compound (phosphate preferably) with freshly -precipi- 
tated alumina. The mass is heated to redness and finally ground with 
water. It forms a fine blue pigment of great permanency. Its formation 
is used as a test for cobalt. 

Rinwan^s green is made like Th6nard’s blue, substituting zinc oxide 
for alumina. It is probably a cobalt zincate. 

1191. Cobaltous Nitrite CoCNO^la has not been isolated but the 
cobaltinitrites are an important series of salts. 

1192. Potassium Cobaltinitrite K3Co(N02)6’^tH20. — This salt is 
obtained when potassium nitrite is added to a solution of a cobalt salt 
acidified with acetic acid. 

KNOj + CH 3 COOH ^ HNOj + CH 3 . COOK 
C 0 CI 2 + 2 KNO 2 == Co(N 02)2 -h 2KCI 
2Co(N02)a + 4 HNO 2 = 2Co(N02)3 + 2 H 2 O + 2NO 
3 KNO 2 + Co(N02)3 - K3Co{n62)6. 

It forms a bright yellow insoluble crystalline precipitate. Nickel forms 
a soluble nickelinitrite and so the precipitation of the cobaltinitrite 
gives at once a test for cobalt and a means of separating it from nickel, 
it is also used as a means of testing for potassium and ammonium 
(§ 267). 

The salt is used as a pigment and also for colouring porcelain blue. 

Other cobaltinitrites are known. The structure of potassium cobalti- 
nitrite is 



Tlie potassium and the cobaltinitrite are combined by electro valency, 
the cobalt and nitrite by co-ordinate valencies (v. p. 782). 

Thus the salt does not yield nitrite ions as it would if the formula 
were 

(KNO^la . Co{N02)3 

potassium cobaltic nitrite. 

1193. Cobalt Sulphide CoS is obtained by the action of ammonium 
sulphide on a cobalt salt, 

(NH4)2S + C0CI2 = 2NH4CI + CoS. 

The sulphide is black in colour. When first precipitated it dis- 
solves in acids but after standing, or on heating, it becomes insoluble 
in hydrochloric acid^ probably owing to oxidation. 

1194. Cobalt Sulphate C 0 SO 4 . 7H2O is made by the usual methods . 
It is a red salt, easily soluble in water, 100 gms. of which dissolve 
36 gms. of the anhydrous salt at 20 ® C. and 83 gms. at 100® C. 

When strongly heated it first becomes anhydrous and then at a 
white heat decomposes, leaving cobalto-cobaltic oxide. In other 
respects it has the ordinary properties of cobalt salts. 
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Cobalt ammonium sulphate C0SO4 . (NH4)jS04 . OHjO (analogous to 
ferrous ammonium sulphate) forms pink crystals. 

1196 . Cobaltous Chloride C0CI2. — ^The anhydrous salt can be 
obtained by the action of chlorine on metallic cobalt. The salt forms 
numerous hydrates, the hexahydrate CoClg . dHgO being commonly 
met with. It is best made by dissolving cobalt oxide in hydro- 
chloric acid and evaporating till crystallisation occurs. 

Cobalt chloride is blue when anhydrous and pink when hydrated. 
The salt is freely soluble in water, 50 gms. anhydrous cobalt chloride 
dissolving in 100 gms. water at 15 ° C. 

The solution behaves peculiarly when heated, changing in colour 
from rose at 30 ° C. to blue at 60 ° C. The recent work of Bassett 
indicates that the red solutions contain various hydrated cobalt ions, 
Co(H20)e++, Co(H20)4++, Co2(H20)io, etc. The blue cobalt chloride 

r “1“ 

solutions contain the blue ions, C0CI4 — or Co . Thus 

L HgOJ 

cobalt chloride ionises 

C0CI2 ^ Co++ + 2cr. 

The ion hydrates forming a red solution, e,g., 

Co++ + 6H2O = Co(E20)e++. 

The hydrated cation breaks up at higher temperature and a com- 
plex anion is formed, this having a blue colour, e,g,, 

Co++ + 4 Cl-'^CoCl 4 — . 

The chemical properties of cobalt chloride are those of a cobaltous 
salt (§ 1186 ), and of a chloride {§ 1057 ). 

It forms a complex compound with ammonia, C0CI2 . ONKg. 
Cobalt chloride solution has been used as invisible or sympathetic 
ink. Words written in the pink solution are hardly visible, but on 
warming show up in a blue-green tint. In a few days the colour 
again disappears. 

1196. Cobaltic Salts. — These are only stable in complex compounds, 
e.gr., alums, cobalticyanides, cobaltinitrites, cobaltammines, etc. The 
simplest stable cobaltic compound is cobalt alum, 

(NH4)2S04 . €02(804)2 . 24 H 20 * 

or cobaltic ammonium sulphate. It is made by electrolysing a solution 
of ammonium and cobaltous sulphates in a cell, the anode of which* is 
enclosed in a porous pot. The cobaltous salt is oxidised at the anode 
to cobaltic salt, 

C0SO4 = Co + SO4 
2C0SO4 + SO4 « 002(804),. 

The cobalt alum forms blue ootahedra. It is a powerful oxidising agent. 
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1197. Complex Compounds of Cobalt. — large number of cobalt 
ammines exist. These are discussed in the section on metallic 
ammines (§§ 1236 seq.). 

1198. Detection and Estimation of Cobalt. — Cobalt is readily 
detected by the blue colour it gives to the borax bead — a very 
delicate test. 

In solution it is detected by several methods, the precipitation of 
potassium cobaltinitrite (§ 1192) being one of the best. The 
separation of nickel from cobalt analytically is best performed by 
Liebig’s cyanide method. 

The solution, containing nearly neutral nickel and cobalt salts, is 
treated with potassium cyanide till the precipitates redissolve. 
Potassium nickelocyanide K 2 Ni(CN )4 is formed and also potassium 
cobaltocyanide K 4 Co(CN)g, 

2KCN + Ni(CN)2 == K2Ni(CN)4 
4KCN + Co(CN) 2 == K4Co(CN)e. 

The solutions are boiled and the cobaltocyanide is thereby con- 
verted into cobalticyanide,, 

2K4Co(CN)e + HgO + O = 2K3Co(CN)e + 2KOH. 

Sodium hypochlorite or hypobromite (made by dissolving bromine 
in caustic soda) is now added. This precipitates nickel as a hydrated 
nickel oxide, probabl}^ Ni 02 xH 20 , and leaves cobalt in solution. 

The solution is evaporated to dryness with dilute sulphuric acid, 
tested, and the residue tested for cobalt by taking up in water, 
acidifying with acetic acid, gently warming till effervescence ceases 
with a solution of potassium nitrite. A yellow precipitate of 
potassium cobaltinitrite indicates cobalt. 

Cobalt is best determined by separating it from nickel as above, 
precipitating it as oxide and reducing this to metallic cobalt in a 
current of hydrogen. 

Cobalt also forms an insoluble compound with a-nitroso- 
jS-naphthol, nickel being unaffected. The precipitate can be washed, 
dried, heated to remove organic matter and the resulting oxide 
reduced to metal in a current of hydrogen. 

NICKEL Ni, 68-69 

1199. Historical. — ^The element nickel is occasionally found in 
ancient coins, but it probably foimd its way there as a result of the 
smelting of copper ore containing some nickel. A mineral, known as 
‘ kupfemickel,’ or ‘false copper,’ ‘goblin-copper,* was known in the 
eighteenth century. This name was given it because it resembled a 
copper ore in appearance but gave no copper. When Cronsted 
(c. A.D. 1760) first prepared a metal from this ore, he termed the new 
element nickel. 
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1200. Occurrence. — ^Nickel is obtained chiefly from two ores : 
(a) a deposit of iron and copper pyrites containing nickel sulphide, 
which occurs in very large quantities in Ontario and is now the chief 
source of the metal ; and (6) an ore known as Qarnierite^ a hydrated 
silicate of nickel and magnesium containing some 5 per cent, of the 
former metal. This ore is found in New Caledonia, an island off 
north-east of Australia. 

Nickel is found in many other minerals. Meteoric iron contains 
up to 20 per cent, of the metal. Nickel occurs also as arsenide and 
arsenate. 

1201. Extraction of Nickel from Sulphide Ores. — The ore may be 

regarded as a mixture or compound of FeS2, FeS, CugS and NiS. 
The ore is separated from earthy matter and roasted in heaps or 
kilns. The heaps of ore are set alight by means of wood fires and 
bum for two or three months. Most of the sulphur is removed, 
leaving crude oxides, 

4FeS2 “f“ IIO2 == 2Fe203 -f- 8SO2 
2NiS + 3O2 = 2NiO + 2SO2 
CugS + 2O2 = 2CuO + SOg. 

The roasted ore is then smelted with limestone, quartz, and coke 
in a blast furnace, much smaller than those used for iron. By 
regulating the blast much of the iron is oxidised and combines 
with the quartz to form a slag of ferrous and calcium silicates. The 
metal sinking to the bottom of the furnace is an impure mixture of 
nickel and copper sulphides containing still some iron. This mixture 
is poured into a Bessemer converter with basic lining (Fig. 189) 
and oxidised by a blast which removes most of the sulphur and 
almost all the iron, a product containing some 50 per cent, of nickel, 
30 per cent, of copper and 20 per cent, of sulphur remaining. 

This matte can be used as it is for making Monel metal (§ 1205), but 
for most purposes is refined by various methods, the most interesting 
of which is the Mond nickel process, carried on in South Wales. The 
matte is roasted, yielding oxides of nickel and copper, and these are 
extracted with hot dilute sulphuric acid, which dissolves copper 
oxide readily but nickel oxide hardly at all. The copper sulphate 
so obtained is crystallised and sold. 

The residue of nickel oxide is then reduced by water gas, 

Ha + NiO = Ni + H2O. 

This metal still contains some copper, and is refined by passing a 
slow stream 6f carbon monoxide over it at 00'’ C. Nickel 
carbonyl is produced, which is volatile, 

Ni + 4CO = Ni(CO)4. 
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The gas charged with the vapour of the carbonyl is passed over 
nickel shot heated to 180° C., where it decomposes, forming nickel 
and carbon monoxide, which can be used again, 

Ni(CO)4 = Ni + 4CO. 

The metal produced is 99*8 per cent. pure. 

Pure nickel may also be prepared by electrolysis, a process which 
is being rapidly developed in the U.S.A. 

1202. Properties. — ^Nickel is a white and fairly soft metal, very 
tenacious, malleable and ductile. It has a very high melting point, 
1,452° C. Its density is 8-8. Its coefficient of linear expansion is 
12*8 X 10""®. It is perceptibly magnetic. 

Nickel, like iron and cobalt, readily absorbs or dissolves hydrogen, 
one volume of the metal absorbing some 17 volumes of the gas. 

Nickel is slowly oxidised to nickel oxide NiO in air, but burns in 
oxygen. Nickel is attacked by chlorine, the chloride NiClg being 
formed. 

Nickel is not affected by water but at a red heat it decomposes 
steam. Acids do not attack it readily, except nitric acid and aqua 
regia. Fuming nitric acid may make it passive {v, § 1149). 

Nickel is not attacked by fused caustic potash, and nickel vessels 
are used in the laboratory for fusing this substance. 

Finely divided nickel has great catalytic power in reactions be- 
tween hydrogen and other substances. In presence of nickel powder 
reduced by hydrogen from the oxide (the most active form of the 
metal) many remarkable reductions can be carried out. A mixture 
of nitric oxide and hydrogen yields ammonia, 

5H2 + 2NO = 2H2O + 2NH3. 

A mixture of ethylene and hydrogen yields ethane, 

C2H4 + H2 = CgHe. 

This method of reduction, introduced by Sabatier and Senderens, 
has been found particularly useful in organic chemistry. Many 
inedible liquid oils may be converted into useful hard fats suitable 
for margarine making, by adding to them a little finely -divided 
nickel and bubbling hydrogen through them at about 250° C. The 

oils used contain the unsaturated grouping || which is converted 

— CH— 

by hydrogen into | 

— CH— 

The explanation of the catalytic action of finely-divided nickel 
appears doubtful, but probably depends on the fact that nickel 
adsorbs both hydrogen and the substance to be reduced. 
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1203. Uses of Nickel. — ^Nickel is used as a catalyst, as already 
explained, but finds a more considerable use in electro-plating and 
in the making of certain alloys. 

1204. Electro-plating. — ^Nickel being white, lustrous, hard and 
almost unaffected by air and moisture, is suitable for covering other 
cheaper metals which have not these advantages. 

The apparatus consists of a plating bath containing a solution of 
nickel ammonium sulphate (375 gms.), nickel sulphate heptahydrate 
(100 gms.), water (5 litres). The anodes are bars of cast nickel of 
high purity. The articles to be plated are highly cleaned and form 
the cathodes. A current of 2*5 amps, per square decimetre of 
cathode is suitable at a temperature of about 50° C. The nickel 
sulphate decomposes, 

NiS 04 == Ni — > cathode + SO 4 anode, 

and the liberated sulphate groups attack the anodes, reproducing the 
nickel sulphate used up. 

1205. Alloys. — ^Nickel is used for various foreign coinages, but its 
alloys with copper are preferred. The chief alloys of nickel are ; — 

(а) Nickel steels, invar, platinito, etc. 

(б) Copper-nickel alloys. Monel metal, cupro-nickel, nickel bronze. 

(c) Copper-nickel -zinc alloys, nickel silver. 

(d) Copper -nickel-zinc-silver. British coinage alloy. 

(e) Nickel-chromium alloy. 

(а) Nickel steels containing some 2J to 5 per cent, of nickel are of 
great toughness and elasticity and find considerable use for structural 
work, crankshafts, gears, hea\^ guns, etc. 

Nickel steel containing 35 per cent, of nickel with a little manganese 
and carbon is known as invar, and is valuable as having a negligible 
coefficient of expansion. It is useful for making pendulum rods, etc. 
Platinite contains about 46 per cent, of nickel and has the same 
coefficient of expansion as platinum and glass and can be used for sealing 
wires into glass apparatus, such as electric lamp bulbs. Copper- coated 
nickel wire is now chiefly used. 

(б) Several alloys of nickel and copper are in use. Cupro-nickel, 
containing 20 per cent, of nickel, is used for bullet jackets. The white 
coinage alloy containing 25 per cent, of nickel and 75 per cent, copper is 
extensively used in Europe and America. Hence the term * a nickel,’ 
which in America denotes a 6-cent piece. Monel metal is a very tough 
alloy of high melting point (1,360® C.). It contains about 60 per cent, 
nickel, the remainder being some 33 per cent, of copper and 7 per cent, 
of iron. It is used for propellers of ships, blades of turbines, pumps and 
boilers, and in Germany for locomotive fire-boxes. It is resistant to 
attack by chemical reagents and finds some uses on this account, 

(c) Nickel silver, also loiown as German-silver, contains from 60 to 60 
per cent, of copper, 10 to 30 per cent, of nickel, and 20 to 35 per cent, of 
zinc. It is used for all manner of cheap white metal goods, spoons, forks, 
fancy goods, etc. It is largely used as a basis for electroplate (§ 309). 

(d) British coinage alloy. This contains 5 per cent, of nickel : Ag, 50 
per cent. ; Cu, 40 per cent. ; Zn, 5 per cent. ; Ni, 6 per cent. 
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(e) Ni-chrome, contaiiimg 60 per cent, nickel and about 16 per cent, 
each of iron and chromium, is used for the resistance wire for the 
windings of electric furnaces. It is very resistant both to heat and to 
cliemical reagents and has been used for machine parts which have to 
withstand high temperatures. 

1206. Atomic Weight of Nickel. — Similar methods and reasoning to 
that used in the case of cobalt indicate a value for the atomic weight 
of 68*69. 

1207. Nickel Oxides. — The unquestioned oxides of nickel are : — 

Nickelous oxide ..... NiO 
Nickelonickelic oxide .... Ni 304 

Nickel dioxide ..... NiOg 

A sesquioxide, NigOg, is often referred to but is probably a mixture 
of NiO and NiOg. Of these oxides the first is the only one commonly 
met with. There is some evidence of the existence of higher oxides. 

1208. Nickelous Oxide. — This oxide is obtained by the usual 
methods from nickelous salts or by heating nickel to a red heat in 
steam. 

Pure nickel oxide is a green solid, unaffected by heat. It is 
reduced by hydrogen and carbon monoxide at about 200® C. or 
lower. It is a basic oxide and has no acidic properties. 

1209. Nickelous Hydroxide Ni(0H)2 is also obtained by the usual 
methods. It forms a green precipitate soluble in ammonia to a 
lavender-blue solution, containing the ion Ni(NH 3 ) 4 ++. It is basic 
in character, forming salts with acids. 

Nickelo-nickelic oxide Ni 304 is known. 

1210. Nickel Dioxide is obtained as a black hydrate, NiOg . a^HgO, 
when a nickel salt is treated with sodium hypochlorite solution, 

NiClg + NaOCl + 2NaOH = NiOg.HgO + 3NaCl. 

This reaction is used in the cyanide method of separating nickel 
and cobalt (§ 1198). The oxide behaves chemically very much like 
manganese or lead dioxide. Thus with hydrochloric acid it gives 
chlorine, 

NiOg -f 4HC1 = NiClg -f 2H,0 + Cl„ 
and a nickelous salt. With sulphuric acid 

2Ni02 -f 2HgS04 = 2NiS04 + 2HgO + Og, 
ox37^gen and a nickelous salt result. 

1211. Nickel Salts. — Nickel forms only one series of soluble salts, 
the nickelous salts, in which the metal is divalent. There is some 
evidence of the existence of nickelic compounds in which the metal 
is trivalent, but the salts, if existent, are too unstable to be isolated. 
The nickel ion (Ni"*"^) has a pseudo-inert-gas structure with eight 
outer electrons (p. 734). This fact makes it particularly stable, and 
accordingly nickel does not lose further electrons and so exhibit a 
valence of 3 or more. 
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Nickel salts are prepared by the usual methods from the oxide, 
hydroxide, or carbonate. The metal is not easily attacked by most 
acids, but the nitrate is made from it by the use of nitric acid. 

If nickel salts are required quite free from cobalt they are best 
prepared by precipitating all cobalt as potassium cobaltinitrite 
(§ 1 192) and preparing nickel hydroxide by the action of ammonia 
on the resulting solution. This may be well washed, dried and con- 
verted into the salt required. 

Nickel salts are yellow when anhydrous and green when 
hydrated or in solution. With ammonia they give a pale green 
precipitate, soluble in excess of the reagent to a blue solution (v. 
§ 1209). With hydrogen sulphide in alkaline or neutral solution 
black nickel sulphide NiS is deposited. Like ferrous salts they 
absorb nitric oxide, but unlike them do not form a coloured 
compound. 

1212. Nickel Carbonate. — Basic nickel carbonates, 

NiC 03 .%Ni( 0 H) 2 , 

are obtained when sodium or potassium carbonates react with 
solutions of nickel salts. The normal carbonates can be obtained by 
special methods. They form light green powders, which readily 
decompose when heated, giving nickel oxide. 

1213. Nickel Nitrate Ni(N 03)2 ^^jt with as the hexahydrate, 
Ni(N 03 ) 2 . 6 H 20 , which is prepared by the usual methods (§ 172). 
It forms green crystals, very soluble in water. At 20° C. water dis- 
solves half its own weight of the anhydrous salt. 

The hexahydrate loses some water of crystallisation and then 
decomposes before it becomes anhydrous, 

2Ni(N03)2 = 2NiO + 4 NO 2 + O 2 . 

It is thus impossible to make the anhydrous salt by heating the 
hydrate. The anhydrous salt has been made by the action of 
nitrogen pentoxide on the hydrated salt, 

Ni(N03)2.6H20 + 6N2O5 = Ni(N 03)2 + r 2 HN 03 . 

1214. Nickel Monosulphide NiS is obtained when hydrogen sulphide 
acts on nickel salts in presence of alkahs. It exists in three forms : 
a-nickel sulphide is readily soluble in acids, jS-nickel sulphide dis- 
solves in moderately dilute acid (2iV. HCl), and y-nickel sulphide is 
not attacked by acids. 

The a-form is first produced when nickel sulphide is precipitated, 
but it quickly changes to the y-form. Thus we account for the 
peculiar fact that although nickel sulphide is not precipitated in acid 
solution, yet, when precipitated in alkaline solution, it is insoluble in 
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hydrochloric acid, particularly after boihng. This fact is utilised 
in quahtative analysis. 

Several other sulphides, NigSg, Ni3S4, NiSg, NiS4, arc said to exist. 

1215. Nickel Sulphate NiS 04 is the best known salt of nickel. It 
may be prepared by the usual methods (§ 172). The usual form 
met with is the heptahydrate NiS04.7H20. This forms green 
crystals, while the hexdhydrate NiS04.6H20 is blue. The anhy- 
drous salt is yellow. 

When heated it forms nickel monoxide, 

NiS04 = NiO + SO3. 

It has the usual properties of nickel salts and sulphates. Nickel 
sulphate forms a compound with ammonia gas, Ni(NH3)3S04. If 
anhydrous nickel sulphate is dissolved in concentrated ammonia 
solution an unstable dark blue salt is formed, nickelammonium 
sulphate, Ni(NH3)4S04.2H20, analogous to cuprammonium sul- 
phate (§ 286). This should be carefully distinguished from nickel 
ammonium sulphate, NiS04. (NH4)2S04.6H20, which is a stable salt 
analogous to ferrous ammonium sulphate. The latter salt is used 
in electro-plating (§ 1204). 

1216. Nickelous Chloride NiCla ^^7 prepared by the usual 
methods. The anhydrous salt may be prepared by the action of 
chlorine on finely divided nickel. 

Nickel chloride is yellow when anhydrous. It is usually met with 
as the hexahydrate, NiCl2.6H20. The salt is very soluble in water, 
100 gms. of the solution containing 39*1 gms. NiClg at 20° C. 

When heated in air nickel chloride gives chlorine and the oxide 

2NiCl2 + Oa = 2NiO + 2CI2. 

Like most metalHc chlorides the anhydrous salt forms a loose com- 
pound with ammonia, NiClg . 6NH3. Among the double salts 
formed by it nickel ammonium chloride, NiClg . NH4CI . 6H2O, is 
the best known. 

1217. Nickel Carbonyls. — Like iron and cobalt nickel forms a 
carbonyl. Nickel tetracarbonyl is readily made by reducing nickel 
oxide to metaUic nickel at 400° C. in a stream of hydrogen, and 
passing a stream of carbon monoxide over the metal warmed to 
30°-50° C, 

Ni + 4 CO=Ni(CO) 4 . 

The carbonyl is condensed in a well-cooled vessel. 

Nickel carbonyl is a colourless and extremely poisonous liquid 
boiling at 43° C. When heated it decomposes, giving nickel and 
carbon monoxide. 


Ni((X))4 « Ni + 4CO. 
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Its use in the industrial purification of nickel has been described 
in § 1201. 

1217a. The Metallic Carbonyls.— Carbonyls of the type M{CO)n 
whore M is a metal ore formed by numerous metals. They are of 
two types ; — 

(1) Solid non-volatile carbonyls formed by the alkali metals. Tho 

explosive potassium carbonyl is an example. 

(2) Volatile carbonyls. These aro formed by chromium, molybdenum, 

tungsten, iron, ruthenium, cobalt and nickel. 

The following is a list of formulae of these carbonyls ; Cr(CO)6, 
Mo(CO)e, W(CO)e, Co^{CO),, CO^(CO)^^, Ni(CO) 4 , Fe(CO) 5 , Fo^{CO)^, 
Fo 3 (CO)i 2 f Kti(CO) 5 . Ru 2 (CO) 9 . It is noticeable that analogous elements 
have the carbonyls of the same formula. 

These carbonyls are all formed either by the action of carbon 
monoxide, best compressed, on the metal, or by tho action of heat on 
other carbonyls. 

They are obviously covalent, being soluble in organic solvent and 
volatile at fairly low temperatures. They are all decomposed by heat, 
ultimately forming the metal and carbon monoxide. 

The carbonyl groups may be replaced in some cases by nitrosyl 
groups NO. 

Much light has recently been thrown upon the structure of the 
metallic carbonyls (§ 1172, 1188, 1217). Those carbonyls w^hich contain 
but one atom of metal contain as many molecules of carbon monoxide 
as, by donating two electrons apiece, will serve to bring the number of 
electrons contained in and shared by the metal atom up to the ntimber 
possessed by the inert gas which follows it in the Periodic table. Carbon 
monoxide ; O : ; : C : can donate two electrons to a single metal atom ; 
a nickel atom has 28 electrons ; a krypton atom 36. Accordingly, the 
nickel atom in nickel carbonyl requires 36 — 28 = 8 electrons, and 
combines with four molecules of carbon monoxide. The formula of 
nickel carbonyl is Ni(CO) 4 , and its structure is 

O 

C 

; O ; ; : C : Ni ; C ; : : O : 

C 

6 


From the rule also follows the formulas Fe(CO)6 and Cr(CO)e. No 
compoimd Mn(CO)n or Co(CO)it could be formed if the above rule 
is correct, for these metal atoms would need an odd number of 
electrons. 

In the metallic carbonyls which contain more than one metal atom, 
e.gr., Fe 2 (CO )9 the metal atoms are linked by ; C ; : ; O : groups. Thus 
diferrononacarbonyl has the formula 
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O 6 

C *C 

: O : : : C : •* ** ; C : ; ; O ; 

Fo : C : : : O : Fe 

: O : : : C : : C ; : : O : 

C C 

6 O 

The iron atoms each have a total of 36 electrons ; 26 from the iron 
atom and 10 from carbonyl groups. 

1218. Detection and Estimation of Nickel. — ^Nickel salts arc green 
in solution, and with ammonia their solutions give a pale green 
precipitate, redissolving to a blue solution, 

Ni++ + 20H~ ^ Ni(OH)4 
Ni++ + 6NH3 ^ Ni(NH3)3++. 

It is detected in presence of much cobalt by Liebig’s cyanide method 
(§ 1198) or by the addition to the nearly neutral or alkaline solution 
of a-dimethyl-glyoxime or a-diphenyl-glyoxime. 

The former gives a scarlet precipitate with nickel salts oi 
composition 

CHg— C = N— OH HO— N - C^OHg 
Ni 

Ca^—C =- N->0 0<-^N - C— CH3 

and affords a very delicate test. 

Estimation , — The precipitate obtained by the use of the glyoxime 
may be filtered off, dried at c. 110® C. and weighed as such, or may 
be ignited and weighed as nickel oxide. 

A volumetric method employing potassium cyanide is also used. 

RUTHENIUM, RHODIUM, PALLADIUM 

Those three metals form the secbnd sot of transition elements. The 
first two elements are very rare, but palladium is commoner and finds 
some commercial applications. 


1218a. The Platinain Metals. — Ruthenium, rhodium, palladium, 
osmimn, iridium and platinum are found native as alloys, chief of 
which are crude platinum found in Colombia and Russia, and osmiridium 
found in Tasmania. 

The separation of these metals is a difficult task, and is best expressed 



RUTHENIUM 


771b 


as a table. The ore is boiled with acid to remove base metals and 
impurities, them treated with aqua regia. Part dissolves and part is 
unattackod. 


Undissolved. 


Dissolved. 


Osmium, most of the 
Iridium, 8 ()me of the 
Buthenium. 

H(‘at in a stream of 
oxygen and condenst* 
volatile substances 
evolved. 


Platinum, Palladium, Rhodium, some Iridium and Ruthenium, 
as higher chlorides. 

Evaporate to dryness and heat gently. Platinum and iridium 
give lower chlorides. Dissolve in very dilute RCl and add 
NH*C1. 


(!!()n<icnsed 

Residue 

Solid ion 

Precipitate 

Pass Cl, 
th?t)ugh 
h<it 

aoidihed 

solution. 

Iridium. 
Dissolve in 
aqua n^gia 
and odd to 
the dis- 

Rhodium, Rutheninm and Pallarlium 
chlorides. Preeij>itatc metals with iron. 
DImsdIvc in aqua regia, concentrate ; 
add ammonium chloride. 

Ammonium chloro- 

platinite and chlorr>- 
iriditc*, (NH^lgPlCR and 
(NHJJK;!,. 

Ignite precipitate form- 

Osmium 

tetroxide 

volatilises 

and 

ruthenium 

t'<'tn5xid(^ 

remains. 

solved 

rnetnls. 

(Right-hand 

column.) 

Sr)lution 

l*recipitate 

ing metals, iridium is 
not usually separated 
from [ilatinum ; but 

if this is inquired a 
separation may be based 
on the fact that Ir is 
less easily dissolved by 
aqua regia than is Pt. 

Evaporati' to dryness. 
Ignite. Euse with KilSO,. 
1Veat with waUT. 

Diarnmino- 

palladous 

chli>ridi* 

(NI-I 3 ). 



j S<»lutum 

Precijiitatc 

IMCl,. 

Heat to 
redness. 




! 

Potiussium 

Rhodium 

Sulphate. 

Ruthenium 

metal. 

1 

Metallic 

Palladium. 



RUTHENIUM Ru, 101-7 

1219. Rutheninm and Its Compounds. — ^Ruthenium is found with 
platinum (q.v.). It is a hard grey brittle metal. Like palladium it 
absorbs gases. It is oxidised by oxygen to the dioxide R 11 O 2 and the 
volatile totroxido RUO 4 (cf. Osmium, p. 774). 

Ruthenium is not attacked by acids, and only slowly by chlorine. 

Ruthenium appears to have the valencies, 2, 3, 4, 6 and 8 , but the 
first is doubtful. 

Oxides of Ruthenium , — There is some doubt as to what oxides of this 
metal really exist, but RujOa, RuOg and RUO 4 are certainly known. 
The oxides appear to have feeble basic properties, but form well- 
marked ruthenatesj M 2 RUO 4 , and per-ruthenates, MRUO 4 . 

Chlorides of Ruthenium , — Ruthenium forms two chlorides, RuClg and 
RuClg. The former has not been prepared pure, but the latter is stable 
enough to be prepared in a pure state. Solutions of the chloride 
hydrolyse very easily. Chlor-ruthenites and chlor-ruthenates exist, 
Mg'RuClg and Mg'RuCl^ (analogous to the chloroplatinates). 

EtUhenium sulphate Ru(S 04 )j| 
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RHODIUM Rh, 102-91 

1220. Metallic Rhodium. — Khodium is obtained from platinum ores 
(g.r;. ). It is a white lustrous metal of very high melting point ( 1 ,907° C. ). 
It is slightly oxidised when heated in air, probably forming the sesqui- 
oxide RhgOa. Chlorine attacks it, but acids are without effect. 
Rhodium does not absorb gases so freely as ruthenium or palladium. 
Rhodium black has gi-eat catalytic powers (v. platinum black, § 1228). 

Rhodimn has found a use in thermocouples, and is sometimes alloyed 
with platinum in order to incrceuse its hardness. 

1221. Compounds of Rhodium. — Rhodium oxides. — Several oxides of 
rhodium exist. Rhodium sesquioxide RhjOj is basic, giving rhodium 
salts with acids. Rhodium dioxide is probably (like lead dioxide) a 
b asic oxide with unstable salts. Rhodium trioxide is acidic in character, 
forming rhodates, Ma'Rh 04 . ^ 

Rhodium trichloride RhClg is a rod solid. It exists in an insoluble 
and a soluble foim, resembling chromic chloride in this respect. It 
forms double salts with alkalic chlorides, hexachlorrhodites Mg'RhClg, 
and pentachlorrhodites Mg'RhClg. 

Rhodium sulphate Rh 2 ( 804)3 is known and forms a well-marked alum 
known as ammonium rliodiura alum, 

(NH4)2S04 . Rh 2 (S 04)3 . 24 H 2 O. 

Rhodium nitrate Rh(N 03)3 . 2 H 2 O is also known. 

PALLADIUM Pd, 106-7 

1222. Metallic Palladium. — Palladium is prepared from platinum 
residues (§ 1228) or from certain nickel ores. 

It is obtainable, like platinum (g.v.), as compact metal, ‘ sponge * 
and ‘ black.’ 

Palladium is a white metal, much resembling platinum. It melts 
at 1 ,550® C. The most remarkable property of palladium is its 
power of absorbing hydrogen, and to a lesser degree other gases. A 
piece of palladium foil, which has been heated in a vacuum to remove- 
other gases, absorbs up to 936 times its volume of hydrogen, increas- 
ing somewhat in volume during the process. It has been thought 
that a palladium hydride, PdHg or PdgH, may be formed, but there 
is much evidence against this. It is found that the amount of 
hydrogen absorbed depends on the temperature and pressure, and 
the palladium -hydrogen system obeys Henry’s law (p. 91). 

It is probable that the hydrogen is actually dissolved in the 
palladium, but in order to avoid begging the question the term 
occlusion is applied to this type of gas absorption. 

The occluded hydrogen is more reactive chemically than free 
hydrogen, and has the reducing power of nascent hydrogen (§ 192). 

Hydrogen can pass freely through heated palladium. Thus, if 
hydrogen be passed through a palladium tube it will pass out through 
the walls at the rate of about 4 o.c, per minute per 100 sq. cm., at a 
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temperature just below red heat. There is some evidence based 
on the rate of diffusion that the hydrogen dissociates into single 
atoms in passing through the metal. 

Palladium has remarkable catalytic powers, similar in character 
to those of platinum. Thus, at 280® C., hydrogen and oxygen com- 
bine to form water in presence of palladium foil, and palladised 
asbestos (v, p. 776) will cause hydrogen to be oxidised to water even 
in the cold. The oxidation of hydrocarbons is also catalysed, 
though less effectively. 

Chemical Properties, — Palladium is oxidised when heated to redness 
in oxygen. Chlorine attacks heated f)alladium, forming the chloride. 
Hydrochloric acid, nitric acid, and sulphuric acid, when heated, attack 
the metal. 

1223. Compounds o! Palladium .— oj Palladium, — The oxides 
PdO, PdjOj and PdOg exist. 

Palladous oxide PdO is basic in character. When heated it decom- 
poses in a reversible manner. 

2PdO ^ 2Pd + Og. 

It is very readily reduced by hydrogen. 

Palladium dioxide PdOa.icHjO is unstable, readily decomposing to 
the monoxide at temperatures above 100° C. 

Salts of Palladium, — Palladium fonns a series of palladous salts, in 
which the metal is divalent. They are readily reduced to metallic 
palladium when heated. Palladic salts in which palladium is trivalent 
are unstable, but like oobaltic salts (§ 1196) form stable complexes. 

Palladous chloride PdClg is made by the action of chlorine on the 
metal and fonns red crystals. It is decomi)osed when heated to the 
metal and chlorine. 

Various chlorpalladiteSy as (NH 4 ) 2 PdCl 4 , ammonium chlorpalladite, 
aro known. 

Palladium trichloride PdClj and palladium tetrachloride PdCL do 
not exist, but pentachlorpalladates Mg'PdClg and hexachloipalladates 
MaPdClg are known. 

Palladous sulphate PdS 04 . 2 H 20 exists, as also does palladous nitrate 
Pd(N03)2. 

Uses, — Palladium alloyed with gold has been used as a platinum 
substitute, and the metal has sometimes been used in articles of 
jewellery. It has the colour and incorrodibility of platinum, while 
being considerably cheaper. It is not, however, so resistant to chemical 
action as the latter metal, and cannot replace it in scientific apparatus. 


OSMIUM, IRIDIUM, PLATINUM 

Osmium, iridium and platinum form the heaviest of the three sets 
of elements of Group VIII. of the Periodic table. They resemble 
each other in their high melting point and density and in the 
relative instability of their compounds, which is most noticeable in 
platinum and least in osmium. 
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OSMIUM Os. jrO -2 

1224. Metallic Osmium. — Osmium is found alloyed with iridium as 
osmiridium^ found in small grains in certain sands in South America, 
the Urals. Tasmania, etc. It contains as a rule 60 to 70 per cent, of 
iridium and 30 to 40 per cent, of osmium, with varying amounts of 
rhodium, platinum and ruthenium. 

Osmium is isolated from osmiridium by alloying it with zinc, crushing 
it and heating with an oxidising agent (BaOj) and treating with hydro- 
chloric acid. The solution is distilled, and a solution containing the 
volatile osmium tetroxide OSO 4 comes over. Hydrogen sulphide con- 
verts this into the insoluble sulphide OSS 4 , which, when strongly heated 
in a closed carbon crucible, yields metallic osmium. 

Properties, — Osmium is a very hal'd, brittle metal of extremely high 
density, 21-3 to 24. The latter figure represents the highest density of 
any substance existing on earth. The interiors of certain white 
dwarf stars appear to have densities of c. 60,000. A piece of osmium 
the size of two common bricks would weigh as much £ls 180 lbs. and 
would need a strong man to lift it. 

It has a very high melting point, c. 2,700° C. It is remarkable as 
being readily oxidised, resembling in this respect ruthenium and iron, 
its vertical neighbours in the Periodic table, rather than iridium and 
platinum. 

When heated in air to a temperature of about 200° C. it forms the 
remarkable volatile tetroxide, OSO 4 . It is oxidised by nitric acid, and 
chlorine also attacks it, forming OSCI 4 . 

Finely divided osmium has effective catalytic power for many 
reactions, including that of the synthesis of ammonia (§ 689). 

Osmium has found a use in electric light filaments, being only less 
infusible than tungsten. 

1226. Oxides of Osmium. — Foiir oxides, OsO, OsjO,, OsOj and OSO 4 , 
exist. The last only need be mentioned here. 

Osmium tetroxide OsO 4 , sometimes called osmic acid, is made by 
oxidising the metal by heating in air or with nitric acid. 

It is a solid, molting at 46° O. and subliming when gently heat(?d. It 
has a penetrating smell and the vapour is intensely poisonous. Its 
vapour density shows the foimula OsO 4 to be correct. 

The oxide is remarkable, firstly, in its volatility and, secondly, in 
the fact that ruthenium tetroxide, osmium tetroxide, osmium 
tetrasulphide OSS 4 , and osmium fluoride OsFy are the only examples 
of octavalency. It is not an acidic oxide. 

It is readily reduced to metallic osmium, and is used as a microscope 
stain, being reduced by fatty substances to black metallic osmium. 

Osmium octaflimide OsFg is a volatile solid of low melting point, 
45° C. It boils at 100° C. The low boiling point indicates that it is 
not a salt but a covalent compound. A hexafluoride, OsFg, is also 
known. 

Osmium dichloride, trichloride and tetrachloride all exist and form 
double salts, such as potassium chlorosmate KjOsCle. 

Osmium forms no true oxy-salts. The so-called osmyl salts con- 
tain the osmium in the acid radical, c.g., potassium osmylnitrite 
K,[OsO.(NO,)4]. 

Metallic atoms never form ions in which a higher valency than three 
(or rarely four) is displayed. 
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IRIDIUM Ir, 193-1 

1296. Metallic Iridium. — Iridium is found alloyed with platinum or 
osmiiun and is extracted by the method explained under the heading of 
platinum (§ 1228). 

Iridium is a hard brittle white metal. Its density is 22*4 and its 
melting point 2,290^ C. 

Iridium is extremely resistant to chemical action. Even fluorine does 
not attack it below a rod heat. Chlorine attacks it at a red heat, but 
acids have no action upon it. It may, however, be dissolved by treat- 
ment with fused caustic potash and potassium nitrate, so forming 
iridates. 

Iridium finds uses, especially when alloyed with platinum, for 
apparatus required to be strong and completely incorrodible. The 
standard metre is composed of platinum iridium alloy. The tips of 
fountain pen nibs have been made from natural granules of iridium- 
platinum alloy, but the very high price of the metal has led to the 
common use of tungsten alloys for this purpose. 

1227. Compounds of Iridium. — ^Iridium forms several oxides, Ir 203 , 
IrOj, IrOa, the latter existing only in its salts, e.< 7 ., K 2 lr 04 . When 
heated in air they all decompose readily into the metal and oxygen. 

The sesquioxide IrjOg is basic and the dioxide appears to be acidic 
in character. 

Several iridium chlorides are known, but the usual one is the tri- 
chloride IrClg. It is obtained by heating the metal to redness in 
chlorine. It is insoluble in water. 

Potassium chloriridito KalrCl® and chloriridate KalrClg are known. 

Iridium sulphate Ir 2 ( 804)3 can be obtained as a yellow substance. 

Iridium alum K 2 S 04 . 1 r 2 (S 04 ) 3 . 24 H 20 can also be made. 

Various complex iridium compounds, iridinitrites, iridi cyan ides, etc., 
analogous to the cobalt and platinum compoimds (§§ 1236 seq,) are 
known. 


PLATINUM Pt, 195-23 

1228. Occurrence and Extraction. — Platinum occurs native alloyed 
with more or less of the other platinum metals. It is found in 
quantity in Russia, the chief source, and also in British Columbia. 
Platinum occurs as a rule in alluvial sands and gravels and is found 
in grains, or nuggets which have been known to weigh 20 lbs. The 
very dense grains are separated by washing the alluvium, and the 
crude platinum is refined. 

It is first digested with aqua regia which dissolves all but the 
osmiridium, which is treated separately (§ 1224). The solution of 
the chlorides of platinum, palladium, etc., is then treated with 
ammonium chloride and yellow insoluble ammonium chloroplatinate 
(NH4)2PtCl5 is precipitated. A little ammonium chloriridate also 
comes down. The salt is then heated, when platinum is left behind, 

(NH4)2PtCle = Pt + 2NH4CI + 2C1,. 

The metal, which is left in the spongy state, is usually redissolved and 
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reprecipitated as chloroplatinate to remove all traces of iridium, 
and the platinum resulting from its decomposition is fused in an 
oxyhydrogen furnace. The last traces of iridium are difficult to 
remove, but for most purposes its presence is immaterial, or even 
desirable, as it makes the metal harder and less corrodible. 

Beside the ordinary compact metal, platinum can be prepared as 
platinum sponge, platinum black and colloidal platinum. Platinum 
sponge is made by heating ammonium chloroplatinate. It forms 
a soft and porous mass. Its large surface makes it a vigorous 
catalyst (v. infra.) 

Platinum black is very finely divided platinum, prepared by 
reducing platinum chloride with various reducing agents, sodium 
formate or alkaline glucose solution being suitable. 

It forms a black powder with great catalytic activity. 

Colloidal platinum is best made by Bredig’s method (§ 92 (2) ). 
Colloidal platinum has very considerable catalytic activity 
(p. 777). 

Platinised asbestos is obtained by soaking asbestos in platinum 
chloride solution and decomposing the salt by heating it to about 
500® C. Platinum in this form presents a very great surface. 

1229. Properties. — Platinum is a white metal of silvery lustre. It 
is strong and readily worked. It melts at c. 1,754® C. Platinum 
has a density of 21 4. Its coefficient of linear expansion is very low, 
being *0000089 between 0° C. and 100® C. Soft glass has a coefficient 
of expansion of about *0000085, and so platinum can be sealed into 
glass without any fear of uneven expansion damaging the joint. 
This is a most valuable property from the point of view of the 
scientific instrument maker. 

Platinum absorbs hydrogen, but not to a very great extent. 

Chemical Properties. Platinum is not oxidised when heated, but 
the heated metal is attacked by fluorine and chlorine. 

Acids do not attack platinum to any appreciable extent. Boiling 
sulphuric acid has a very slight action. 

Aqua regia, or any mixture evolving chlorine, attacks platinum, 
yielding hexachloroplatinic acid. 

2HC1 + Pt + 2 CI 2 = HgPtCle. 

Platinum is affected by carbon. Thus a smoky luminous coal- 
gas flame renders a platinum crucible brittle, and a luminous flame 
should not be allowed to touch platinum. It alloys easily with 
lead, and therefore it should not be soldered nor should lead com- 
pounds be heated in contact with it. 

Platinum as a catalyst. The metallic platinum has remarkable 
catalytic activity, especially in gas reactions. We may mention 
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among reactions which are accelerated by the presence of platinum 
the following : — 

Combination of oxygen and hydrogen (§ 189). 

Oxidation of ammonia (§ 738). 

Reduction of nitric oxide to ammonia (§ 715). 

Combination of bromine and iodine with hydrogen (§§ 1078, 
1094). 

Reduction of hydrocyanic acid to raeihylamine. 

Oxidation of sulphur dioxide to sulphur trioxide (§ 930). 

Oxidation of methyl alcohol to formaldehyde. 

Decomposition of hydrogen peroxide (§ 214). 

Reaction of carbon monoxide and oxygen. 

Reaction of hydrogen with ferric salts, acetylene, ethylene. 

Decomposition of hydrazine hydrate. 

This list is not complete, but serves to show what a varied list of 
leactions is affected by this metal. The surface-action theory of 
catalysis is clearly applicable to these reactions, for no intermediate 
compound theory could well be applied to such an unreactive metal 
as platinum. 

The mechanism of these processes is discussed in §§ 108, 109, 
but, shortly, it may be said that the activity of platinum is due to its 
adsorbing or condensing on its surface a highly concentrated layer 
of the reacting compounds, bringing thereby the molecules into close 
proximity. 

The fact that the catalytic activity of platinum is a surface action 
is demonstrated by the difference of activity of its various forms. 
It is found that the more finely divided is platinum the greater is its 
catalytic activity. Thus compact freshly -heated platinum, wire or 
foil, will bring about the combination of hydrogen and oxygen or the 
oxidation of methyl alcohol or the oxidation of ammonia. Platinum 
black, of which the particles are very small, causes hydrogen to 
combine with oxygen explosively and will cause alcohol to oxidise in 
air to acetic acid. Colloidal platinum causes hydrogen and oxygen 
to unite even in the cold, while the decomposition of hydrogen 
peroxide is influenced by the presence of as little as *000000001 gm. 
of platinum in the colloidal state per cubic centimetre of liquid. 

The reason of this difference lies in the surface of the various forms. 
A cube of platinum of volume 1 c.c. has a surface of 6 sq. cm. If we 
imagine this cube divided into cubic particles the length of the edges 
of which were lO'"® cm., each of these would have a surface of 
6 X 10~® sq. cm., and as there would be 10® of them the total surface 
of the platinum would be 6,000 sq. cm. In colloidal platinum the 
particles are invisible under the most powerful microscope and may 
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approximate to a diameter of 10~® cm. In this state (assuming the 
particles to be cubes) the surface of 1 c.c. of platinum would be 
6 X X 10^® = 600 square metres. 

1230. Uses of Platinum. — The chief uses of the metal are for 
chemical, electrical, dental and ornamental purposes. 

For chemical apparatus platinum is invaluable in that it is 
unaffected by most chemical reagents, and is unaltered by the 
highest degree of heat (c. 900-1,000® C.) used in ordinary chemical 
operations. It is, however, perceptibly attacked by alkalis and free 
metals. A platinum crucible keeps the same weight to a tenth of a 
milligram during months of use. Platinum wire does not melt in the 
Bunsen flame and does not colour it, and it is accordingly used for 
flame tests in qualitative analysis. The very high price of platinum 
has led to a search for substitutes both in this field and others, but 
nothing wholly satisfactory has been found. Certain alloys of cast 
iron, containing silicon, have replaced platinum for large vessels 
used for the concentration of sulphuric acid and for certain opera- 
tions where an incorrodible metal is required. Fused quartz has 
also been largely used, but has the disadvantage of being easily 
attacked by alkalis. 

The use of platinum as a catalyst in chemical industry is an 
important one. 

In electrical w’ork platinum has the advantage of being readily 
sealed into glass and also of being practically non-volatile and 
unoxidised by air. It is unequalled for the contacts of relays, etc., 
where sparking may take place. Other metals become oxidised 
and their use leads to the contacts failing, and their volatihty causes 
arcing to take place. Platinum is practically non-volatile, and 
accordingly the sparks produced are smaller, and though the metal 
may become burnt away by sparking it none the less remains bright 
and conductive. 

Platinum is occasionally used to make dental plates and the pins 
which hold false teeth in position. Its usefulness is due to its 
strength and its incorrodibility. Teeth are sometimes filled with 
the metal. As much as a ton of platinum is used yearly for this 
purpose. A ton of platinum would go into a good-sized suitcase and 
is worth nearly half a million pounds. 

Platinum is used in jewellery, its silvery-grey colour looking very 
well with diamonds. Its high cost is perhaps an additional attrac- 
tion. Platinum salts are used in the platinotype process of photo- 
graphy, which yields very beautiful and probably completely 
permanent images. 

The alloys of platinum are not very important. Its alloy with 
iridium (§ 1226) is valuable for standard weights and measures, being 
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strong and incorrodible. Gold alloyed with a little platinum and 
silver alloyed with platinum are used in dentistry. 

1231. Atomic Weight of Platinum. — ^Dulong and Petit’s law loads to a 
value of 198 for the atomic weight, a value in agreement with its natural 
position in the Periodic table. The exact value results from a number 
of accurate determinations, including amongst many others the deter- 
mination of the weight of platinum obtained from a given weight of 
potassium platinichloride KjPtCl,. The value 195-2 is accepted. 

1232. Oxides of Platinum. — The oxides, PtO, PtjOa, PtOj, PtOg, exist. 
Platinous oxide PtO is prepared in a hydrated condition by the 

action of caustic potash on platinous chloride. It is basic in character. 
It is oxidised by air to platinum dioxide, though it is itself a powerful 
oxidising agent. Heat decomposes it to platinum and oxygen. 

The other oxides of platinum are also strong oxidising agents. 
Heated, they decompose, yielding the metal and oxygen. 

1233. Platinum Halides. — Three well-marked platinum chlorides 
exist, PtClg, PtClg, PtCl 4 . 

Platinous chloride PtCl g is made by carefully heating the tetrachloride 
at about 300°-^360° C., 

PtCJ* - PtClg + Clg. 

It forms double salts, known as tetrachlorplatinites. All the chlorides 
of platinum appear to form complex acids with hydrochloric acid. 
Tetrachlorplatinous acid is unstable, but the salts, KgPtCL, etc., are 
well known, the latter being a rod-brown well-crystallised salt. 

Platinum trichloride PtClg is made by carefully regulated heating of 
the tetrachloride. It is readily decomposed into the di- and tetra- 
chloride. 

Platinic chloride, platinum tetrachloride PtCL, is obtained by the 
heating of hexachloroplatinic acid (g.v.) in a current of chlorine, 

HgPtCle = 2HC1 + PtCl4. 

The salt is reddish in colour. In solution it forms an acid, H aPtCl 4 (OH) g, 
and does not appear to form platinic ions, Pt++++, as might be expected. 

Hexachloroplatinic acid H 2 PtCle is present in the solution usually 
known as platinic chloride. It is obtained when platinum is dis- 
solved in aqua regia, 

Pt + 2 CI 2 + 2HC1 = H2PtCle. 

It forms reddish-brown needles of composition HgPtClg . OHgO, which 
are freely soluble in water. When heated, it decomposes first to the 
dichloride and then to the metal, 

H2PtCle == 2HC1 + Cla + PtCl* 

PtCla = Pt + CI 2 . 

It forms a series of salts known as the chloroplatinates, and these 
are of particular interest because ammonium and potassium chloro- 
platinates are practically insoluble in water. It is possible to 
determine platinum, ammonium or potassium by mixing hexa- 



780 


IRON, NICKEL, COBALT, ETC. 


chloroplatinic acid with alcohol and a solution of a potassium or 
ammonium salt. 

HaPtCle + 2 NH 4 CI - (NH 4 ) 2 PtCl 6 | + 2HC1. 

These hexachloroplatinates are yellow crystalline salts. When 
heated they decompose to a mixture of the metallic halide and 
platinum, 

KgPtCle = 2KC1 + Pt + 2 CI 2 . 

Ammonium chloroplatinate leaves platinum only since ammonium 
chloride is volatile. 

Bromine and iodine form salts analogous to the chloroplatinates. 

1284. Other Platinum Compounds. — Platinum sulphate Pt(S 04)2 has 
been described as an orange salt, crystallising with four molecules of 
water. 

No platinum nitrate is known, but there are numerous platino- 
nitrites, X 2 Pt(N 02 ) 4 , analogous to the cobaltinitritos (§ 1192). 

The platinocyanides are of some interest (cf. ferrocyanides, § 576, 
etc.). 

If a platinum salt be warmed with potassium cyanide, potassium 
platinocyanide is obtained, 

6KCN + PtCl4 = K2Pt(CN)4 + 4KC1 -f (CN)*. 

The platinocyanides form beautiful crystals, which have a brilliant 
fluorescent lustre. Barium platinocyanide, which is obtained by the 
above method, using barium cyanide, forms golden yellow crystals of a 
peculiar fluorescent lustre. It is used considerably for X-ray screens, 
as it fluoresces brilliantly under the influence of these rays, 

A large number of complex platinum ammines also exist (see p. 781). 

COMPLEX COMPOUNDS OF GROUP VIII. 

1285. Compounds containing Complex Radicals .—There have been 
known for many years a number of compoimds, the formulae of which 
seemed quite at variance with the valency laws as then understood. 
Such a familiar compound as K 4 Fe(CN) 5 , potassium ferrocyanide, 
cannot be given any rational structural formula if the valencies of the 
radicals K, Fe, and CN are given their normal values of 1, 2 or 3, and 1 
respectively. The formula may be and was written 

4KCN . Fe(CN)2, 

aa if it were a double salt of potassium cyanide and ferrous cyanide. 
In fact, its behaviour entirely contradicts this. It does not give the 

reactions of a cyanide, and the ion [Fe(CN)8] is yielded by it. The 

formula was accordingly written K 4 [Fe(CNy, and no adequate explana- 
tion of the mode of combination of the iron and cyanogen could be given. 

Such substances as potassium cobaltinitrite, potassium mercuri- 
iodide, cuprammonium sulphate, hydrofluosilicic acid presented similar 
problems, but the most considerable mass of complex compounds was 
presented by the so-called ammines of metals, notably chromium, 
cobalt, rhodium, iridium and platinum. These metallic ammines are a 
very large class, the most recent text-book on the subject cataloguing 
about a thousand of them* 
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12S6. The Metallic Ammines. — ^These ammines are for the most part 
fairly difficult compounds to prepare and are somewhat rarely mot wit h 
in ordinary laboratory practice. The largest class of them are the 
cobaltammines. These contain tervalent cobalt and are as a rule 
prepared by oxidising solutions of cobalt salts in excess of ammonia. 
Their molecules contain one or two atoms of cobalt and a set of other 
groups, including notably ammonia NH3, water, and various acid 
radicals. The most peculiar feature about thorn is that some of these 
acid ladicals are not combined in the same way as in an ordinary salt. 

Out of the many hundred cobalt compounds of this nature four may 
be selected as typical. 

(а) Co(NH8)8Cl3, Hexamminocobaltic chloride. 

(б) Co(NH3)5Cl3, Chloropentamminocobaltic chloride. 

(c) Co(NH3)4Cl3, Dichlorotetramminocobaltic chloride. 

(d) Co(NH 3)3(N02)3, Trinitritotriamminocobalt. 

We encounter on examining these compounds the curious fact that 
in some cases only a part of the halogen or other acid radical is ionisable. 
Thus the compound (a) hexamminocobaltic chloride precipitates all its 
halogen as silver chloiide when mixed with cold silver nitrate solution, 
while (h) only precipitates two-thirds, and (c) one-third. The compoiUKl 
(d) does not behave as a salt at all ; it has none of the reactions of a 
cobalt salt or of a nitrite nor does its solution condtict electricity. It 
a])pears that in every case six groups are attached to the cobalt atom by 
co-ordinate linkages, while the remainder are attached by the ordinary 
electronic linkage ap])ropriate to salts. 

1237. Constitution of the Ammines. — ^Werner, who with Jorgensen and 
some others, has done most to elucidate the constitution of these com- 
pounds, wrote the formulae we have given above as : — 

(а) [Co(NH3)8]Cl3. 

(б) [Co(NH8)3Cl]Cl3. 

(c) [Co(NH3)4Cl2lCl. 

(d) [Co(NH 3 ) 3 (N 03 ) 3 ]. 

denoting thereby the fact that in the first compound all the chlorine is 
ionisable ; in the second, two-thirds of the chlorine ; in the third, 
ono-third of the chlorine ; while in the last no ions at all are formed. 

The platinum ammines provide an oven more striking example. The 
following series of compounds is known, of which the formula) are given 
below : — 


Formala. 

Formula written on 
Werner’s System. 

Valency of 
Complex. 

Proportion of 
Chlorine Ionised. 

Pt(NH,),Cl. 

[Pt{NH3).Cl3 

+ 4 

100 per cent. 

Pt(NH3)5Cl. 

[Pt(NH3)3Cl]Cl, 

+ 3 

75 ,, 

Pt(NH3).Cl3 

[Pt(NH3)3Cl,]Cl3 

H- 2 

50 „ 

Pt(NH 3)3013 

tPt(NH3)3Cl,]Cl 

+ 1 

25 

PMNHjljCI. 

[Pt(NH3),Cl3] 


0 „ 

Pt(NH3)Cl.K 

[Pt(NH3)Cl3]K 

' - 1 

0 , one K+ ion 

PtC4K, 

[PtCleJK, 

- 2 

0 , two K+ ions 


3 B 2 
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Wernor’s theory provided an excellent guide to the behaviour of these 
and similar compounds. His theory of their behaviour may be summed 
up as follows : — 

(a) Certain atoms tend to attach to themselves a definite number, 
usually four or six, of other atoms or groups which might be whole 
molecules or radicals. The number is calle^d the co-ordination number 
of the atom. 

(b) The complex so formed was not a salt, i.e., it did not ionise, but 
it might combine with othtJr radicals to form a salt-like compound. 

(c) When a univalent radical such as chlorine Cl“ displaces a complete 
molecule (NHg) or (HjO) from the complex its positive valency drops by 
one unit. 

1238. Electronic Constitution of the Ammines. — Werner failed to 
explain why these peculiar conditions applied to these compounds, and 
it was not luitil Sidgwick comiectod his theories with Bohr’s electronic 
theory of valency that the matter was cleared up. 

Let us consider the case of the platinum ammines cited above. The 
platinum atom has two incomplete electronic groups and we may 
represent it diagrammatically thus : — 


Electrons in Orbits of 
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We may then represent the platinum ion, omitting completed groups, 
as at A. Now let this ion take up twelve electrons from ammonia 
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molecules (B), which attach themselves to it by sharing with it their 
‘ lone pair * of electrons. We have then the arrangement shown at C, 
the electrons derived from ammonia being figur^ as crosses. The 
platinum ion has now the stable group of eighteen outer electrons. It 
has still, however, its original positive charge of four, for the ammonia 
molecules eidded to it were electrically neutral. 
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Consider now the compound [Pt(NH 3 ) 4 Cl 2 ]Cl 2 . The six groups 
surromiding the platinum are four NHg molecules, each contributing 
two electrons and two chlorine ions, which can each contribute one 
electron. Wo therefore require two more electrons to complete the ring 
of eighteen, and these are brought from outside. Those give the complex 
an additional negative charge of two units, which reduces its origmal 
charge of four positive imits to two positive units. 

Fig. D shows this state of a:ffairs, the electrons derived from the 
(chlorine atoms being represented by circles, 0» those taken from 
outside by barred circles, 0. 

By the application of similar principles the valency considerations 
which apply to any of the ammines and to the complex cyanides (576), 
nitrites (1192) and water compounds (997) may be elucidated. 

It is not only to the ammines that the above iDiinciples may be applied. 
Lot us consider the case of the ferrocyanides and ferricyanidcs. A 
ferrous ion has six electrons ( . ) micompleted groups, and may be 
represented as at A. It takes up six cyanide groups (CN —) and 
receives from each its one outer electron ( o ), (B). In this way its 
electronic outer layer reaches the figure of 12, which (like 8 and 18) 
represents a particularly stable grouping of electrons. Its charge was 
originally -f 2 (Fe++), but it has taken on six groups, each with a charge 
of —1, and accordingly the charge on the complex is —4. In the same 
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Ferrous ion. Fcrrocyanide ion. Ferric ion. Ferricyanide ion. 

way a ferric ion has five electrons and a charge of -f- 3. This takes on 
six cyanide groups, and its final charge therefore —3. In this case, 
however, the stable grouping of twelve electrons is not attained and the 
ferricyanidcs are much less stable than the ferrocyanides. It is signifi- 
cant that in the complex cobalt cyanide compounds it is the cobalti- 
cyanides which are stable, while the cobaltocyanides are not. The 
cobalt atom has one more electron than the iron atom, hence it is the 
cobalticyanides which have the stable 12-eloctron ring. 

A final example may be taken in potassium cobaltinitrite K3Co(N02)6. 
The cobalt atom has incomplete outer groups of seven and two electrons 
and the cobaltfc ion from which the salt is ultimately derived has then 
six electrons in incomplete groups (A). By adding on six nitrite group- 
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Cobaltic ion Co + + +. Cobaltinitrite ion. Co(N02)* . 

ings (NO 2 —) it receives six negative electrons (0)» thus making an 
outer set of twelve and diminishing its charge from + 3 to —3. 

The preparation of most of the metallic ammines is not particulaily 
easy. The student may, however, wish to prepare one of the series, and 
the following preparation may be quite easily carried out. 
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Chloropentamminochromic Chloride . — Arrange a 1 -litre flaHk, glass- 
wool filter and beaker as in Fig. 195, Remove the flask and place in 
it 10 gms. powdered i>otassium dichromate and 80 grns. granulated 
zinc. Add a mixture of 60 c.c. fuming hydrochloric acid and 30 c.c. 
water. A violent reaction ensues and reduction to blue chromous 
chloride will take place. If not, add more concentrated acid. Then 



Fio. 195. — Reduction of Chromic Chloride. 


blow the mixture into a largo beaker containing a good excess of 
ammonia solution. A deep blue solution is formed, and this is transferred 
to a wash -bottle and a stream of air is passed througli it until it becomes 
crimson. The solution is filtered from chromic hydroxide and a large 
excess of concentrated hydrochloric acid is added. Deep red crystals 
of chloropentamminochromici chloride are precipitated and may be 
filtered off and dried on absorbent paper. The reactions are : — 
KaCr^O^ 4- 8HC1 + SCgH^OH = 2KC1 -f SCrClg + + mfi 

2CrCl8 4- Zn = 2 CrCl 2 + ZnClj 

Cr++ -f 4 NH 3 Cr{NH 3 ) 4 ++ 

2 Cr(NH 3 ) 4 ++ 4- 2 NH 3 4- 2H+ + O 4- 3C1- = 2 [Cr(NH 3 ) 3 Cl]Cl 2 4- HjO. 

The fact that only a portion of the chlorine is ionised is demonstrated 
by dissolving the salt in cold water, adding excess of silver nitrate and 
shaking. Silver chloride is precipitated. The solution is filtered and, 
when boiled, loses its red colour, and precipitates a further portion of 
silver chloride, thus demonstrating that a pai't of the chlorine is an 
Integral pai't of the red complex ion. 


CHAPTER XXV 


THE INERT GASES 

1239. Historical. — None of the members of this remarkable group 
of elements, which comprises helium^ neon, argon, hryjiton, xenon, 
niton, was discovered until the year 1894, despite the fact that 
argon forms nearly 1 per cent, of atmospheric air. Nearly a hun- 
dred and fifty years ago (1785) Cavendish subjected a mixture of 
oxygen and air to the continued action of electric sparks and then 
absorbed the excess of oxygen and the oxides of nitrogen by means 
of ‘ liver of sulphur,’ potassium pentasulphide. He found in this 
way that all tne nitrogen was converted into oxides and that all the 
gas was absorbed except a very small proportion and wrote, “ If 
there is any part of the phlogisticated air ^ of our atmosphere which 
differs from the rest, and cannot be reduced to nitrous acid, we may 
safely conclude that it is not more than part of the whole.” 

It is very remarkable that no one attempted to find out whether 
atmospheric) nitrogen was a pure substance until a hundred and nine 
years had elapsed. 

In 1894, Rayleigli determined the density of nitrogen with great 
accuracy. His experimental error was estimated to be about 
0*01 per cent., but the difference between his results for the density 
of nitrogen made from the air and nitrogen chemically prepared 
from its oxides, ammonia, etc., amounted to 0*47 per cent. By a 
repetition of Cavendish’s experiment a residue of gas with a spectrum 
differing from that of nitrogen was obtained ; and, finally, by 
removing the oxygen and nitrogen and carbon dioxide from dry air 
by absorption with red-hot copper and magnesium, a new gas was 
isolated. 

2Cu + Og = 2CuO 
3Mg + Ng = MggNg. 

The new gas was shown to have an atomic weight of 40, and after 
some discussion was relegated, together with the other inert gases 
discovered soon after, to a separate group in the Periodic table, 
Group 0. This group was placed intermediately between Group VII., 
the intensely electronegative halogens, and Group VIII., the in- 
tensely electropositive alkali metals. 

^ Nitrogen. 

786 
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1240. Preparation of the Inert Gases. — Helium, as mentioned 
below, can be obtained from certain minerals, from mineral springs 
and from natural gas, niton is obtained from certain radioactive 
elements, while the other gases are only obtainable from the air. 

The inert gases may be separated from air by chemical absorption 
of all other constituents, or may be obtained from it by fractional 
distillation of liquid air. The latter method is employed commer- 
cially on a large scale. 

1241. Preparation of the Inert Gases by Chemical Methods. — 

(1) Cavendish’s method has been perfected by Rayleigh and 



Fig. 196. — Extraction of Inert Gases from Air. 

Ramsay. A flask, fitted as in Fig. 196, with arrangc^ments for 
circulating caustic soda solution, has in it a pair of heavy platinum 
electrodes between which passes a discharge from an induction coil 
of about 2,000 volts. The flask contains a mixture of oxygen and 
air (11 vols. : 9 vols.) and this mixture is supplied through a tube 
as fast as it is used up. The oxygen and nitrogen react to form 
oxides of nitrogen and these are absorbed by the caustic soda. 

Na + Og = 2NO 
2NO + 02 = 2 NO 2 

2 NO 2 + 2NaOH = NaNOa + NaNOa + HgO 
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Argon and the other rare gases accumulate in the flask together with 
a little oxygen, which is removed by absorption with pyrogallol. 
The other rare gases can only be separated from argon by fractiona- 
tion of the liquefied material. 

(2) Ramsay used magnesium to absorb nitrogen, but the reaction 
is very slow. Calcium or barium is better. The best chemical 
method appears to be absorption by calcium carbide. Air is circu- 
lated through an iron retort 
containing calcium carbide 
mixed with 10 per cent, of 
the chloride, and maintained 
at 800° C. 

The reactions : — 

(1) CaCg + Na = CaCNg + C. 

(2) C + O 2 = CO 2 . 
result in the oxygen and 
nitrogen being absorbed. Some 
carbon monoxide is produced 
and is removed by including in 
the air circulation a tube con- 
taining red hot copper oxide 
and a potash absorption 
apparatus, 

CO + CuO = Cu + CO 2 

C02+2K0H=K2C03+H20, 

Water vapour, which might 
affect the carbide, is removed 
by concentrated sulphuric acid Fia. 197. — Linde Argon Column, 
and potash. 

Eleven litres of argon were obtained by this method in two 
days. 

1242. Inert Gases from Liquid Air. — ^The inert gases are produced 
commercially by the fractionation of liquid air. 

Helium and neon boil at lower temperatures than nitrogen, the 
boiling point of the first being 73° C. below and the second 43° C. 
below the boiling point of nitrogen. They accordingly resist 
liquefaction in the ordinary nitrogen separation process and there 
collects above the liquid ( (N) Fig. 127) in the liquefying column, a 
mixture of nitrogen, neon and helium. This mixture is led to a spiral 
tube placed in the stream of evaporating liquid nitrogen (near F) and 
there the greater part of the nitrogen is condensed as liquid. A 
mixture of helium and neon, with some 60 per cent, of nitrogen, 
passes on and is purified by chemical means (absorption of nitrogen 




788 


THE INERT GASES 


by calcium carbide, etc.). The resulting gas contains about three 
vols. of neon to one of helium. 

Further separation is difficult and requires the use of liquid 
hydrogen. 

Argon boils at a temperature 3° C. below the boiling point of 
oxygen, and this small temperature difference makes its isolation 
difficult. The Linde argon column (Fig. 197) has been used for its 
separation. 

The liquid oxygen formed in the air liquefaction process contains 
most of the argon of the air and this material is run into the base of 
the two columns at B. Compressed air, passed through the coils C, 
evaporates some of the liquid, and the gas evaporated from the 
liquid is richer in argon than the original liquid. This gas travels up 
through a rectifying column and is scrubbed by liquid oxygen con- 
densed out at the top of the column D by a bath of boiling nitrogen E 
(-— 195® C.). This cold oxygen, running back, condenses out oxygen 
from the rising gas and itself has argon evaporated from it. The 
enriched argon-oxygen mixture undergoes the same process in a 
second column and the remaining proportion of oxygen (and 
nitrogen) is then removed by chemical treatment. 

HELIUM He, 4-003 

1243. Historical. — In 1868 a new spectrum was observed in the 
chromosphere, or atmosphere of glowing gas, which surrounds the 
sun. The name helium (Gr. ^Ato?, helios, the sun) was given to the 
element, then unknown on earth, which gave rise to it. A uranium 
mineral, called cl^veite, was examined in 1889 by Hillebrand, and he 
obtained from it what he concluded to be nitrogen. Though the gas 
gave spectral lines not attributable to nitrogen, the fact that the 
gas actually contained nitrogen led him to believe that the gas 
actually was nitrogen. Ramsay suspected, after his discovery of 
argon, that this gas obtained by Hillebrand might really be argon. 
By heating cl6veite with dilute acid he obtained a gas, the spectrum 
of which was found to be identical with the ‘ helium,’ hitherto only 
known in the sun’s chromosphere. 

.1244. Preparation. — ^Helium is a degradation product of many 
radioactive elements (Chapter XXVI.) and is contained in all radio- 
active minerals, i.e., uranium and thorium minerals. It is not com- 
bined with these, but adsorbed, the atoms being driven into the 
solid mineral by the violence of the radioactive changes. 

When these minerals, best cl6veite or monazite sand (§ 667), are 
strongly heated in vacuo the gas is given off. 

Helium is found in many gases evolved from hot springs, etc., 
which may contain up to 5 per cent, of the gas. It is obtained in 
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enormous quantities from the natural gaa (§ 537) now so greatly 
used in the U.S.A. as a source of heating and power. 

It is estimated that more than a million cubic feet of helium run 
to waste yearly in natural gas. A typical natural gas may contain ; 
Helium 0-9 per cent., carbon dioxide 0*25 per cent., oxygen 0‘5 per 
cent., hydrocarbons (methane, ethane, etc.) 67 per cent., nitrogen 
31 per cent. Carbon dioxide is removed by washing with lime- 
water, and the gas is then liquefied and rectified in much the same 
way as that in which nitrogen is separated from air. The helium 
(B.P., — 268*7® C.) passes on together with a little nitrogen, while 
the hydrocarbons are evaporated and burnt for power, etc. The 
helium contains c. 5 per cent, of nitrogen and if used for filling air- 
ships is not further purified. The residual nitrogen may be removed 
chemically. 

Helium can also be prepared by the liquefaction process described 
in § 1242, but its separation from neon is difficult. 

1245. Properties. — Helium is a colourless gas without taste or 
smell. It has a density of 2*00 (0 = 16) and is therefore the second 
lightest gas. 

Helium is monatomic, as shown by the ratio of its specific heats 
Cp/C„ == 1*652. Helium is liquefied only with the greatest difficulty, 
the boiling point of liquid helium being 4*3° absolute, —268*7° C. 
The ordinary air liquefaction process cannot be used until the gas 
has been cooled to 15° A. by means of boiling liquid hydrogen. The 
density of liquid helium is 0*154, and it is therefore lighter than 
any other solid or liquid except liquid hydrogen (density 0*07). 

Solid helium has been made by allowing the liquid to evaporate 
rapidly. It is a white solid melting at c. 1° A. The evaporation of 
liquid helium gives us our most efficient means of reaching very low 
temperatures. Helium is slightly soluble in water. 

The spectrum has been very fully investigated (p. 167). It has a 
conspicuous green line, by which the gas may be recognised. 

Helium is generally supposed, in common with the other inert 
gases, to form no compounds. A compound formed of helium, 
benzene and mercury, was reported by Berthelot in 1895, but the 
fact has not been confirmed and is not generally accepted. 

J. J. Manley has obtained evidence of a compound of helium and 
mercury, the elements combining under the influence of an electrical 
discharge. The formula appears to be HgHe or HgHejj. It is a 
stable substance only decomposed at a red heat. A tungsten helide 
has also been claimed. 

Helium has been used in the U.S.A. for the filling of dirigibles. It 
serves the purpose admirably. It is non-inflammable, and while it 
is not so light as hydrogen it has a further advantage that it escapes 



790 


THE INERT GASES 


through the bag fabrics less easily. Europe possesses no adequate 
source of the gas, and the expense of transporting it across the 
Atlantic in heavy iron cylinders would be prohibitive. 

NEON Ne, 20-183 

1246. Discovery and Preparation. — The gas neon was discovered 
by Ramsay and Travers in 1898. A gap appeared to exist in the 
Periodic table between helium and argon, and they liquefied 18 litres 
of argon and allowed it to evaporate, collecting the gas in fractions. 
In the first fraction they found a gas with a new spectrum and by 
fractionating it again obtained a gas with a density of 10-1. 

Neon is now made in quantity for the filling of neon tubes by the 
methods described in § 1242. 

1247. Properties. — Neon is colourless, tasteless and odourless. Its 
density is 10-1 and its atomic weight 20-18. It contains three 
isotopes of atomic weights 20, 21 and 22. Neon can be liquefied 
at the temperature of boiling hydrogen. Its boiling point is —246® C. 
and solid neon melts at —250® C. 

The spectrum of neon has lines in the orange and red. 

Neon finds its chief use in the construction of neon-lamps. These 
are used enormously as advertising signs. The lamp consists of 
glass tubes, 10 to 20 feet long, furnished with electrodes at either 
end, and containing neon at a much reduced pressure (2 mm. Hg.). 
A voltage of 1000 volts is applied to these and a fine reddish-orange 
glow is produced. A mixture of argon and a Httle mercury vapour 
gives a fine blue, and. a mixture of neon and hefium a golden colour. 
The use of coloured glass tubes gives other variations. 

ARGON A, 39-944 

1248. Preparation. — ^The preparation from the air of argon (con- 
taining traces of krypton and xenon) is described on pp. 786ff . Argon 
is also found in the gases from certain mineral springs. 

Pure argon is prepared by fractional distillation of liquefied 
* atmospheric ’ argon at the temperature of liquid air. It boils at 
—186-1® C., and so helium and neon boil off in the first fractions 
evaporated, while krypton and xenon remain till the last. 

1249. Properties. — ^Argon is colourless and without taste or smell. 
Its density is 19-95 and its atomic weight 39-94. The fact that argon 
has a higher atomic weight than potassium, though it precedes it 
in the Periodic table, was not explained for some time. It is 
realised now that the atomic weight is not the true determining 
factor in the Periodic table, the important fact being that argon 
has a smaller nuclear charge than potassium though it has a 
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heavier nucleus. Two isotopes of argon exist of atomic weights 
40 and 36. 

Argon is more soluble in water than either nitrogen or oxygen. 
It is liquefied at the temperature of liquid air, and the liquid boils 
at —186*1 and freezes at —187*9° C. 

Argon is believed to form no compounds, though there has been 
some question of the existence of a hydrate. 

1250 . Uses. — Argon has been used for filling metal filament electric 
lamps. Its chemical inertness fits it well for this purpose, and it can 
now be manufactured sufficiently cheaply from air. 

KRYPTON Kr, 83*7, and XENON Xo, 131*3 

1251. Discovery and Preparation. — Krypton was discovered by 
Ramsay and Travers in the final residues obtained when some 30 litres 
of liquid air wore allowed to evaporate. The spectra of two new gases 
named krypton (KpvTrroUf hidden) and xenon (^evov, the stranger) w'ere 
detected an<l their atomic weights ascertained as roughly 45 and 130. 

These gases occur only in the smallest proportion in air, kry[>ton 
forming some 1/20,000,000 part and xenon the 1/170,000,000 part by 
volume. They are obtained by passing dry carbon dioxide free air 
through a spiral tube packed with glass wool, and immersed in boiling 
liquid air. The krypton and xenon condense as liquids or solids. They 
may be separated from each other by fractionating the solids, krypton 
being much more volatile. 

1252. Properties. — The density of k^pton is 41*8 and its atomic 
weight is 83*7. It is composed of numerous isotopes of atomic weights 
78 to 86. Krypton is liquefied without difficulty and boils at — 151° C. 
The solid melts at —157° C. 

Xenon has a density of 65*35 and an atomic weight of 131*3. Nine 
isotopes of atomic weights of 124 to 136 are known. Xenon is liquefied 
more easily than krypton, boiling at —109° C. The solid melts at 
about —112° C. 

Both krypton and xenon give characteristic spectra by which they 
may be detected. 

RADON Rn (Em), 222 

1253 . Preparation and Properties. — This gas is also known as 
radium emanation. The radioactive decomposition of radium proJ 
duces it. Radium decomposes very slowly, one half disappearing 
in 1,580 years. One half of any quantity of niton however dis- 
appears in 3*8 days, and consequently only the minutest quantities 
can be obtained from the small quantities of radium available. 

From a gram of radium about 4 c.mm. a day are produced 
(about *004 mg.). 

To obtain niton a radium salt is dissolved in water. Niton is 
produced, and also oxygen and hydrogen, as a result of the energy 
of decomposition of the radium. From this gas niton may be con- 
densed in a spiral tube cooled by liquid air. 
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The largest quantity of pure niton yet obtained is about 
tAu mgm., yet the density of this minute amount hets been deter- 
mined by direct weighing on a micro-balance sensitive to *000002 mg., 
and its density has been found to be 111*5, which would give an 
atomic weight 223. From the theory of radioactivity the atomic 
weight should be that of radium less that of helium, 225*9 —4*0 
= 221*9. 

Its spectrum has been obtained. Niton boils at about —62® C. 
and freezes at —71® C. The liquid is strongly luminous with a light 
varying from blue to orange-red. The gas has the properties 
associated with intensely radioactive substance, causing the decom- 
position of water and many other compounds. There are three 
isotojics of niton (p. 801), the ‘emanations* derived respectively 
from radium, thorium X, and actinium X. They differ in their 
degree of radioactivity as well as in their atomic weiglits. 



CHAPTER XXVI 


THE RADIOACTIVE AISTD RADIOACTIVITY TRANSITORY 

ELEMENTS 

1254. Historical. — The phenomenon known by the name of radio- 
activity is exhibited by certain elements of high atomic weight and 
by their compounds. Of these elements uranium and thorium have 
been known for many years, but since they exhibit but feeble radio- 
active properties these remained undetected until the close of the 
nineteenth century (1896), when Becquercl discovered that uranium 
compounds emitted rays which affected a photographic plate. A 
systematic examination of uranium and thorium minerals soon led 
to the discovery of numerous radioelements, present in extremely 



Fig. 198. — Decomposition of an atom of radium. 


small quantity but manifesting very great activity. Notable 
amongst these was the element radium, separated from pitchblende 
by Mme. Curie. This element, of atomic weight 226 and of chemical 
properties analogous to barium, showed a most remarkable series 
of phenomena. Some thirty or more elements ^ with radioactive 
properties are now known. 

The two characteristic properties of radioelements are their 
emission of radiations of peculiar character and their simultaneous 
transformation into other elements. 

1256. Radiations.— All radioelements emit radiations which affect 
a photographic plate and which have the power of ionising the aii 

> Inoluding isotopes. 
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and therefore of discharging an electroscope. They may also cause 
certain substances (e.gr., barium platinocyanide and zinc sulphide) to 
phosphoresce. ♦ It was early noted that these rays were complex, 
and Rutherford and various other workers have since established 
that they are of three kinds. 

(1) Aljpha-rays. — These consist of a stream of particles of matter 
travelling at high speeds — ^about a twentieth of the velocity of light, 
on the average. The particles are helium nuclei, i.e., helium atoms 
lacking the two electrons which circulate round the nucleus. They 
are comparatively heavy, having four times the weight of a hydrogen 
atom, and since they have an enormous velocity they have consider- 
able kinetic energy and produce large effects where they strike. An 
idea of their energy may be gained from the fact that if a rifle bullet 
could be fired with the velocity of an a-particle it would do as much 
damage to the thing it hit as would a collision with 125 express 
trains travelling at seventy miles an hour. The a-particles do not 
travel far, for collisions with the molecules of the air pull them up 
within a distance of 3 to 11 cm. (at N.T.P.). 

(2) Beta-rays. — These consist of electrons projected with enormous 
velocities — ^up to 99 per cent, of that of light — and in their properties 
resemble ‘ cathode rays.’ 

(3) Gamma-rays. — These resemble X-rays and light in that they 
are electromagnetic vibrations in the ether, but differ from them in 
that they are of exceedingly high frequency and show great powers 
of penetration through matter. 

Rays of all three types are never emitted by any one element in its 
change into another element. 

1256. Radioactive Transformations. — ^The most striking fact about 
radioelements is, however, their transformation into other elements. 
It has been shown that the emision of rays is always accompanied 
by such a change. The emission of an a-particle changes an atom of 
an element into an atom of the element with atomic weight four less 
than the original, and atomic number two less. The emission of a 
jS-particle transforms the atom into that of an element of the same 
atomic weight but of atomic number one greater.^ The investigation 
of these changes has been a very difficult task, but the following facts 
are now certain. 

(1) Uranium and thorium are the original parent elements, i.e., 
they are themselves being transformed into other elements, but are 
not being formed. The period necessary for half of any mass of 
these elements to change into other elements approximates to 10® to 
10^® years, so that they may well have been formed when the solar 
system was under conditions of temperature and pressure which 

> See 1 141. 



Fig. 199. — Periodic Table. 

End of Period VI. and beginning of Period VII. showing Radioactive changes. 


RADIOACTIVE TRANSFORMATIONS 


795 





3F 





796 RADIOACTIVITY : TRANSITORY ELEMENTS 


allowed of the formation of elements, and may have been decom- 
posing ever since. 

(2) The products of the disintegration of uranium and thorium 
atoms themselves disintegrate. By emitting a-particles their 
atomic weights and atomic numbers are decreased ; by emitting 
^-particles their atomic weights are unchanged, while their atomic 
numbers increase. The a-particle changes predominate and conse- 
quently the elements as a series decrease in atomic weight and 
atomic number until ultimately they form lead (atomic weight 206- 
208). Lead is not radioactive and the process goes no further. 

The progress of the disintegrations is shown in the diagram of 
Fig. 199. 

1267. Radioactive Isotopes. — ^It will be seen from this diagram 
that there are some forty elements which decompose in this way. 
These occupy only ten places in the Periodic table. It was supposed 
at the time when radioactivity was first investigated that every 
element had its own distinctive set of properties, atomic weight, and 
position in the Periodic table. Soddy was led by his researches into 
the properties of these new elements to realise that certain elements 
which differed in atomic weight or radioactive properties (range or 
type of ray or both) had identical chemical and physical properties 
(in so far as these did not depend directly on atomic weight), and so 
occupied the same place in the Periodic table. These elements he 
termed isotopes (§ 148). To take an actual example, the element 
ionium has a much more intense radioactivity than thorium. If 
these two elements are mixed no chemical process, no fractional 
crystallisation, no known process of separation will separate them, 
despite the fact that the slightest separation could be detected by 
the change in radioactivity of the portions. 

The radioelements, then, include only ten sets of chemical and 
j hysical properties as we ordinarily use the term. These sets of 
proi)erties are those of the elements given below, 

EhmenU 

At. No. 

81. Thallium (pp. 395-396). 

82. Lead (pp, 471ff.), 

83. Bismuth (pp. 580-582). 

84. Polonium . — ^This element was unknown until Mme. Curie 

isolated it from pitchblende. Its properties are hardly 
known owing to the minute amounts available, but they 
appear to resemble but are not identical with those of 
tellurium, its analogue. 

(85. No element.) 
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86. Emarmtion, — There are three isotopes of this inert gas, the 
properties of which are described in § 1253. The isotopes 
differ in atomic weight and also in their period of decay 
and consequent activity. 

(87. No element.) 

88. Badium , — ^This element has properties generally resembling 

those of barium, and was discovered by Mmc. Curie as a 
result of her investigations of radioactivity. Its pro 2 )erties 
are discussed in § 1265. 

89. Actiniuw,. This element, also new, resembles lanthan um and 

the elements of Group III. A. 

90. Thorium is discussed on pp. 488-489. 

• ProtocUjtinium . — ^This element is an analogue of tantalum and 
resembles it in some properties. It is, however, more basic 
in character. 

92. Uranium is discussed on pp. 673-675. 

1258. Rate of Disappearance of Radioelements.— The quantity of a 
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Fio. 200. — ^The curve illustrates the decrease in the activity of a 
preparation of uranium X. It will bo seen that one -half of the 
element present at any time disappears in the comae of 
24*6 days. 

radioelement deca 3 dng in unit time is directly proportional to the 
quantity present; f.e., in unit time a certain definite fraction 

392 
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characteristic of the element decays. It follows then that it is 
impossible to state the period which will be required for the complete 
decay of a radioelement, for theoretically this is infinite, but it is 
possible to find the period which will elapse while half of any 
quantity of the clement decays. Eig. 200 shows the curve of decay 
of a radioelement with the lapse of time. The half -decay period of 
the radioelement of which the decay curve is drawn in Fig. 200 is 
24-6 days. 

1259. Determination of Period of Transformation. — In the case of 
elements which decay in a few hours, days or months, the intensity 
of the radiation may be measured at intervals, the radiation of the 
products being distinguished from that of the substance decaying 
by the range of the a-particles in air, etc. In some cases the pro- 
ducts can be removed. The period of transformation of such 
elements as uranium, of which an immeasurably small fraction 
decays in a period of years, is obtained by Geiger and NuttalFs rule, 
given below, as also is the period of elements which decay very 
quickly. If we call the transformation constant ^ of the element A 
and the range ^ of the a-particle in air R, then log A = A + B log R, 
where A and B are constants. A has a slightly different value for 
each family of radioelements, but B has the same value for all (53-9). 

The period of transformation of these elements varies enormously, 
the longest, 1*3 X 10^® years (thorium), being about 10^^ times the 
shortest, which is 10”® secs, (radium C'). Below is given a list of the 
radioelements and their periods of transformation : — 


Uranium Series. 

Actinium Series. 

Thorium Series. 

Uranium I. . 

4-5 X 10» y. 

Protoactiiiium . 

3-2 X 10« y. 

Thorium . . ]-3xl0’"y. 

Uranium X, 

24 d. 

Actinium . 

20 y. 

Me.8othorinm T. . 6-7 y. 

Uranium Xa 

1-2 m. 

Radioactinium . 

19 d. 

Mesothoriiim II.. 6-1 h. 

Uranium Z . 

6-7 h. 

Actinium X 

11-5 d. 

Kadlothorium . 1-9 y. 

Uranium II. 

3-4 X 10«y. 

Actinium emana- 


Thorium X . 3-64 d. 

Ionium 

8-2 X 10‘y. 

tion 

3-92 8. 

Thorium ernana- 

lladium 

1600 y. 

Actinium A 

0-002 .s. 

tion , . 55 8. 

lladium emanation 

3-8 d. 

Actinium B 

36-1 m. 

Tliorium A . 0-14 8. 

Kadium A . 

31 m. 

Actinium C 

2-1 r> III. 

Thorium M 10-6 h. 

Kadium B . 

26*8 in. 

Actinium C' 

0-005 8. 

Thorium (’ . 60-8 m. 

lladium C . 

19-5 111. 

Actinium C" 

4 76 

Thorium (•' . 1 (M‘h. 

Kadium C' . 

10-“ 8. 

Lead. 


I’horium C" . 3-2 m. 

Kadium iV* . 

1-32 m. 



Lead. 

Kadium I) . 

22 y. 




Kadium E 

4-9 d. 




Polonium . 

Lead. 

136 d. 





1260. Special Properties of Radioactive Matter. — Heating Effects.—^ 
Radioactive matter is continually emitting energy in the form of the 

^ The fraction of the element transformed in unit period of time. 

• The * range * of the a-particle is the distance it travels before it is stopped 
by collisions with the molecules of air at N.T.P., and is a definite and easily 
determined quantity. 




XIX. Tracks of a i’AiiTJCLKs. On thi: Lfft a Particle js Deflecteo 
RY Collision with a Moleccle : on the Ricjiit a Particle has 
C\)LLIOED WITH A \lTROOEN AtoM, HRIVINO OCT OF IT A PrOTON. 
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kinetic energy of its a- and jS-particles and the radiant energy of the 
y-rays. Much of this energy appears as heat, partly due to the 
recoil of the atom emitting the particle and partly to the collisions 
of the a-particles with matter. Radium produces 134-7 calories 
per gram per hour, heat enough to keep it perceptibly warm. This 
amounts to a relatively enormous sum of energy when the time for 
which it continues (1,580 years for half-decay) is considered 
Actiially, 1 gm. of radium emanation emits 3*7 X 10* gms. calories 
(luring its life. One gram of hydrogen burning to water emits only 
3-4 X 10^ calories. Evidently enormous stores of energy are locked 
within the atom, and some small x>art of these arc released during 
atomic disintegration. 

Electrical Effects . — ^Thc emission of charged particles, a- and /3-rays, 
charges the surrounding air molecules with electricity. This charge 
is due, not so much to the actual charge on these particles but to their 
tearing electrons from the atoms in their paths. This fact enables 
us to track the course of an a-particle. The i)article leaves behind 
it a trail of ions, and on these water will condense from a saturated 
vapour. These trails can be photographed and Plate XIX. shows 
some of the results obtained. The small size and great energy velocity 
of the a-particle enables it to penetrate other atoms and even to 
smash their nuclei to pieces. Plate XIX. shows the track of an 
a-particle which has collided with a nitrogen atom, detaching from 
it a proton. The faint straight branch is the track of the former. 
The a-particle is apparently captured by the nucleus, forming an 
isotope of oxygen. 

The intense ionisation caused by a-particles allows of their being 
counted, for a single a-particle produces enough ions to cause a gas 
to conduct sufficiently well to deflect an electrometer. 

The a-rays cause zinc sulphide and some other substances to 
phosphoresce, and the number of a-particles falling on a piece of 
zinc sulphide can be counted by watching the individual sparks 
or scintillations produced as each a-particle strikes the screen. A 
screen of this kii\d, furnished with a magnifying lens, is known as 
a spinthariscope. 

1261. Theories of Radioactivity. — It is believed (Chapter VII.) 
that the atom consists of a central nucleus of considerable mass 
surrounded by electrons distributed at distances, large compared 
with the dimensions of the nucleus. The nucleus contains protons 
and neutrons arranged in a manner which is still very uncertain. 
It is, at any rate, probable that certain stable ‘ parcels ’ of protons 
and neutrons exist as separate units within the nucleus. Rutherford 
supposed, from considerations of the scattering of a-particles by the 
nucleus and the manner of its disintegration by a-particles, that it 
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consists of an extremely minute and compact inner nucleus 
surrounded by a number of satellites. One of these ‘ satellites/ 
Rutherford believed, may become unstable (perhaps owing to some 
exceptional configuration of orbits) from time to time and may 
consequently fly off in the form of an a-particle. The j8-particles, 
too, arise from the nucleus ; it is thought that they are formed by 
a neutron changing into a proton, an electron, and a neutrino 
(§ 151c). There is as yet little certainty as to the structure of the 
nucleus, but it is clear that radioactivity consists of some kind of 
disintegration of the atomic nucleus. There is now a tendency to 
treat the nucleus from the point of view of the new wave-mechanics, 
rather than to try to form a picture of its structure. 

The place of an element in the Periodic table (atomic number) is 
equal to its nuclear charge (§§ 141-145). Consequently the emission 
from the nucleus of an a-particle with a double positive charge 
(He++) lowers the atomic number by two unite (Table, p. 795), 
while the emission of one electron raises the charge and atomic 
number by one unit. 

1262. Preparation of the Radioelements. — These elements are 
formed at a very slow rate from their original parents, uranium 
and thorium, and themselves decay comparatively quickly ; conse- 
quently no uranium or thorium mineral contains more than a minute 
proportion of other radioelements. Thus, of a kilogram of uranium 
only about half a milligram would be transformed into uranium X in 
a hundred years, and as half of the uranium X present at any one 
time disappears in 24-6 days, it is clear that only the minutest 
amounts of this element can ever be present ; the actual quantity 
being about •000013 mg. If an element has a fairly long period, as 
radium has (1,680 years), it has a better chance of accumulating, and 
in an old uranium mineral there will be about 0-34 mg. of radium per 
kilogram of uranium element. 

Some details as to the separation of a few of the radioelements and 
of their properties are given below. 

1263. Uranium I. and Uranium II. — ^The chemistry of uranium is 
described on pp. 673-676. It always contains the isotope uranium II., 
which cannot be separated from it, and also uranium Xj, uranium Xj, 
uranium Y and uranium Z. Uranium X^ may be separated from it by 
adding a rare-earth and precipitating it out with, say, oxalic acid. The 
insoluble oxalate is carried down with that of the rare-earth, although 
by itself the uranium Xi is present in far too small quantity to be 
precipitated or filtered off. 

1264. Ionium. — The chemistry of ionium is identical with that of 
thorium. It is obtained by separating ‘ thorium ’ from such uraniiim 
minerals as contain very little of that element. It always contains 
thorium, which is inseparable from it. 
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1265. Radium. — ^This is the most important of the radioelements. 
It is prepared from uranium minerals in which there is about 1 gm . 
of radium per 3 tons of uranium, by the following method : The 
mineral is brought into solution with acids, etc., and the barium it 
contains is precipitated as sulphate, carrying down with it the 
radium, also as sulphate. The mixed sulphates are converted into 
the bromides by reduction, etc., and the.se are fractionally crystal- 
lised. Radium bromide is less soluble than barium bromide, and the 
crystals arising from each crystallisation contain more radium than 
the mother-liquor. Finally, a complete separation can be brought 
about. It is the tedious character of this process that brings 
about the high price of radium — price which was at one period 
largely artificial and considerably above a reasonable figure for 
materials and labour. 

Radium metal has been made by a method similar to that used 
for barium. Numerous salts have been prepared, including the 
hydroxide, chloride, bromide, sulphate, nitrate and carbonate. 
These resemble barium salts fairly closely, but are for the most part 
less soluble in j^ater. The salts are unstable, being decomposed by 
their own radiation. In the same way radium bromide is decom- 
posed, giving off bromine, and any water present is slowly decom- 
posed into hydrogen and oxygen. The atomic weight of radium has 
been determined by the ratio RaClg : RaBrg, and by other means. 
The value 226-97 seems to be the most accurate. 

1266. Radon. — Radium emanation is produced by radium. The 
dissolved gases are separated from a solution of a radium salt by 
pumping them off. They contain hydrogen and oxygen from the 
water, which gases are removed by explosion. The remaining gas is 
passed through a tube cooled by liquid air, where it solidifies. It is 
later allowed to evaporate and is sealed up in a tube. Preparations 
of radon are much used in experimental and medical work, as a 
practically unlimited succession of specimens may be obtained from 
a small quantity of radium. The radon decays to half its strength in 
four days. Radon boils at —67° C. The feat of weighing about 
J c.mm. of this gas has been performed and the density of the gas 
was thus found to be 111. Since the gas is presumably monatomic 
its atomic weight is 222. 

1267. Polonium. — This element is an analogue of tellurium, but 
is present in such minute quantities that its chemical and physical 
properties cannot be readily studied. Despite the fact that a 
weighable quantity of pure polonium has not been obtained, it can 
be shown that it is precipitated with tellurium in some of the latter’s 
reactions. 

1268. Thorium. — ^The chemistry of this element is described on 
pp. 488-489. Its radioactivity is very feeble. 
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1269. Mesothoriom I. is isotopic with radium and may be sepa- 
rated together with radium ^ from thorium minerals. Half of it 
decays in 6-7 years, and consequently only minute quantities are 
ever present, but these are very active. 

1270. Protoactinium Pa. — The compounds of this element are 
isolated from radium residues. The element is grey-white and of 
metallic appearance. It does not oxidise in air. Its compounds 
resemble those of tantalum in general properties, but differ 
from it in that its pentoxide PagOg is basic in character, while 
TagOg is acidic. The element is precipitated as phosphate in acid 
solution, while tantalum is not so precipitated. It forms a chloride 
PaClg as yellow needles easily sublimed and melting at 301° C. Its 
atomic weight has been determined by chemical methods as 
230*6 ± 0*5. 

The remaining radioelements are for the most part of so transitory 
a nature or are obtainable in such small quantities that their 
chemical properties cannot be ascertained. 

1271. Artificial Radioelements. — ^Mme. I. Curie and F. Joliot have 
recently shown that certain normal elements after exposure to 
a-rays, themselves show radioactivity. This decays and disappears 
in periods from forty minutes to a few seconds. It is believed that 
the a-particles combine with the nuclei and give unstable isotopes 
of the next element but one in the Periodic table, which nuclei 
break down like the unstable nuclei of radioelements. Fermi has 
shown that neutrons also induce radioactivity. Boron, magnesium, 
aluminium, sodium, phosphorus chlorine, iron silicon and other 
elements have been thus rendered radioactive. 

The first chemical proof of transmutation has been given by Curie 
and Joliot (1934), who separated radioactive nitrogen and phos- 
phorus from boron and aluminium bombarded with a-particles. The 
first of these charges may be written as an equation. 

gB"® + jHe* = + oneutron.^ 

The subscript figures are atdmio numbers (nuclear charges), the 
superscript figures atomic weights. 

Element 98, — One of the most interesting results of induced radio- 
• activity is Fermi’s production of a new radioelement by bombarding 
uranium with a-particles. This probably has atomic number 93 or 
94, and if so must be a new element and the heaviest known. 

^ Thorium minerak always contain a little uranium. 
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METAPHOSPHATES AS WATER-SOFTENEHS 

An important new development in water- softening has been 
the introduction of sodium hexa-metaphosj)hate (sold as Calgon). 
The formula of sodium metaphosphate is usually given as NaPOg, 
but apparently several polymers exist ; the material used for 
water-softening consists chiefly of the hexa-metaphosphate 
NagPgOig- This salt contains some of the metal in the acid radical, 
and has the formula Na2[Na4PgOi8]. It reacts with calcium ions 
to form a soluble complex salt in which the calcium is not present 
as calcium ion, and which therefore gives no precipitate with soap. 

2 CaX 2 + Na2[Na4PeOi8] ^ 4 NaX + NagCCa^PeOig] 
or 2 Ca++ + ^ 4 Na+ + [CagPcOig]” 

Since the sodium hexa-metaphosphate takes up calcium ions 
from solution, it will dissolve calcium compounds which are in- 
soluble in water (e.g., boiler-scale or the lime-soap which encrusts 
badly washed textiles). The substance has found wide use in 
treatment of boiler feed- water, in laundry work, wool-scouring, 
and domestic washing powders. 
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QUESTIONS 

(Tlio atomic weights of the table on p. 815, have been used throughout.) 

Chapteb IX 

(1) In what respects is hydrogen an exceptional element ? Where 
should it be placed in the Periodic table ? 

(2) Describe and explain the electrolytic methods of obtaining 
hydrogen. 

(3) Under what conditions is hydrogen a valuable reducing agent ? 
How can it be used to reduce (a) metallic oxides, (6) ethylene, (c) ferric 
salts in solution ? 

(4) State Graham’s law and describe experiments illustrating it. 
One hundred cubic centimetres of oxygon escape through a small hole in 
ten miiiutes. What volume of hydrogen would escape in the same time 
and under the same conditions ? 

(6) One gram of hydrogen burning to liquid water evolves 33900 cals. 
One gram of hydrogen sulphide burning to liquid water and sulphur 
dioxide evolves 4020 cals. If 2293 cals, are evolved when one gram of 
sulphur bums to sulphur dioxide, what is the heat of formation of 
hydrogen sulphide ? 

(6) How has it been established that the ratio of the atomic weights of 
oxygen and hydrogen is 10*000 : 1*0078 ? 

(7) On what groxmds is the formula of water taken to be H 2 O ? 

(8) In what respects does the chemistry of hydrogen resemble that of 
a metal ? 

(9) In what respects is water exceptional among chemical 
compounds ? Comment on its use as a solvent in inorganic chemistry. 

(10) What steps have to be taken to prepare from impure water (e.gr., 
river water) : 

(а) Sanitarily pure water for household use. 

(б) Soft water for washing, etc. 

(c) Water pure enough for chemical analysis. 

(d) Water of very high purity for conductivity experiments. 

(11) Describe the preparation of hydrogen peroxide. Comment on 
its action : (a) as an oxidising agent ; (6) as a deoxidising agent. 


Chapteb X 

(1) Compare the reactions of metallic sodium with those of zinc. 
How far is it possible to account for the difference between the behaviour 
of the two metals ? 

(2) Describe the manufacture of caustic soda. How would you test 
for the presence of carbonates and chlorides in commercial caustic soda T 
How could they be removed if present ? 

(3) In a certain experiment 4*1400 gms. of pure sodium chloride were 
converted into 5*0302 gms. of sodium sulphate. What value for the 
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equivalent of sodium does this indicate ? What further evidence 
enables us to arrive at the atomic weight ? 

(4) It was found experimentally that 2*0517 gms. of potassium 
bromide precipitated from solution 3*2375 gms. of silver bromide. 
What is the atomic weight of potassium, if it be assumed that the 
element is monovalent ? 

(6) Explain the principles underlying the Solvay process for the 
manufacture of sodium carbonate. 

(6) How is potassium nitrate prepared from sodium nitrate ? 
Explain the procedure adopted. 

(7) Why are sodium, potassium and ammonium salts used to a greater 
extent than those of other metals in chemical work, both experimental 
and industrial ? 

(8) What industrially important products are derived from sodium 
chloride ? Explain shortly the methods of manufacturing these. 

(9) In what respects do the oxides and hydroxides of the alkali metals 
differ from those of other metals ? 

(10) How would you try to find out whether a hydrated form of 
common salt existed at low temperatures and how would you discover 
its formula ? 

(11) Why do solutions of sodium carbonate have many of the 
properties of alkalies ? What other salts manifest similar phenomena ? 


Chapteb XI 

(1) The elements of Group T. B resemble those of Group VITT. rather 
than those of Group I. A. Discuss and explain this statement. 

(2) What is meant by the term ‘ noble metals ’ ? Compare the 
properties of a typical noble metal, such as gold, with those of a typical 
‘ heavy metal,* e.g., lead. 

(3) How would you prepare specimens of cupric chloride and cuprous 
chloride ? How far are the differences between them of the same type 
as the differences between ferrous and ferric chlorides ? 

(4) Explain why insoluble compoimds of copper and silver are 
dissolved by (a) ammonia solution, (b) solutions of cyanides. 

(5) Why are the methods used for obtaining copper from its ores not 
applicable to (a) silver, (6) iron ? 

(6) Explain the principles imderlying the methods you would use to 
find the proportions of silver and copper in a modern British sixpence 
containing silver, copper, zinc and nickel. 

(7) '‘ To what purposes has the electrolysis of solutions of copper, silver 
and gold compoimds been applied ? Explain the principles which 
underlie the method used to obtain a coherent layer of metal. 

(8) To some silver nitrate solution is added ammonia until the brown 
precipitate at first found redissolves. A little formaldehyde is added 
and the solution is warmed. A brilliant mirror forms on the vessel. 
Explain fully what has occurred. 

(9) Twenty cubic centimetres of a solution of 5 gms. of a copper salt in 
250 c.c. of water were added to an excess of potassium iodide solution, 
and the resulting solution was titrated with N/10 sodium thiosulphate, 
33*6 c.c. of which were required to react with the iodine liberated. 
Calculate the percentage of copper in the salt* 
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Chapter XII 

(1) What calcium and magnesium compounds are commonly present 
in tap-water ? Why are the compounds of these metals commonly 
present and those of other metals but rarely ? Explain the principles 
employed for their removal. 

(2) Some calcium carbonate is sealed up in a strong evacuated tube 
which is then heated to about 800® C. What happens ? What would 
happen (a) if the pressure in the tube were kept at c. 1 mm. of mercury 
by means of a pump, (6) if the tube had been filled with carbon dioxide 
before sealing ? 

(3) In what respects do barium and its compounds differ from calcium 
and its compounds ? How could you prepare pure barium and calcium 
chlorides from a mixture of the carbonates of barium and calcium ? 

(4) What are (a) plaster of Paris, (b) Portland cement, (c) mortar ? 
How are they made and why do they set ? 

(5) Compare the properties of magiiesiiim with those of its neighbours 
in the Periodic table, sodium and aluminium. Wliat conclusions are 
to be drawn ? 

(6) The specific heat of calcium metal is 0* 162. 10-084 gms. of calcium 
carbonate were converted into 20*142 gms. of anhydrous calcium 
bromide. Without assuming the formula of any calcium compound, 
calculate the atomic weight of calcium. 

(7) One hundred cubic centimetres of a saturated solution of slaked 
lime required 5-7 c.c. of N/2 hydrochloric acid to neutralise it. 
Calculate the solubility of slaked lime. 


Chapter XIII 

(1) Compare the advantages of galvanising, painting and tin-plating 
as means of preserving iron from rust. 

(2) Give examples of the use of zinc and acid as a reducing agent. 
What weight of zinc would theoretically be required to reduce 10 gms. 
of potassium dichromate KjCrjOy in solution in dilute hydrochloric 
acid to chromous chloride CrCl 2 ^ Why would more zinc than this be 
needed in practice ? 

(3) Compare the action of magnesium, zinc or mercury on acids. 
Explain the differences you note. 

(4) In what important respects do the salts of mercury differ from 
those of all other common metals ? Two copper plates are connected 
to an ammeter and accumulator, and are immersed in a solution of 
mercuric chloride, which is well stirred. Explain what occurs and give 
a reason for the large increase which appears in the ammeter reading as 
the experiment progresses. 

(6) Devise a method for separating the constituents of an amalgam 
containing zinc, cadmium emd mercury, based on the differing solubility 
of the sulphides of these metals. 
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Chapter XIV 

(1) Compare the properties of boron and aluminium. In what 
respects does boron also resemble carbon ? 

(2) How is borax prepared from native calcium borates ? Explain the 
fact that borax may be titrated with dilute acids. 

(3) In what respects does the chemistry of aluminium and its com- 
pounds resemble that of a non-metal ? Compare its properties with 
those of its neighbours, magnesium and silicon. 

(4) Explain the following phenomena : 

(а) Sodium aluminate when boiled with ammonium chloride solution 
precipitates all its aluminium as hydroxide. 

(б) Aluminium chloride solution boiled with sodium thiosulphate 
gives a precipitate of aluminium hydroxide. What other products 
would you expect ? 

(5) What is an alum ? Explain how you would try to find out 
whether a metal of which the sulphate was available would form an 
alum. 

(6) Discuss the relationship of the rare earths to the other elements 
and their consequent position in the Periodic table. 

(7) Metallic aluminium, though strongly electropositive is com- 
paratively unreactive. Discuss this fact and account for it. 


Chapter XV 

(1) On what grounds are diamond and graphite regarded as the only 
true allotropic forms of carbon ? How could it be proved that graphite 
and diamond are identical in chemical composition ? 

(2) In what respects are the properties of charcoal remarkable and 
how have they been api)lied ? 

(3) In what respects does the chemistry of carbon differ from that of 
silicon ? 

(4) Wliy are carbon monoxide and ethylene both said to be un- 
saturated ? 

(5) How would you demonstrate the presence of (a) hydrogen, 
(b) methane, (c) ethylene in a specimen of coal gas ? 

(6) Write a short essay on the importance of carbon dioxide in 
biological and geological phenomena. 

(7) Twenty -five cubic centimetres of N/50 barium hydroxide rendered 
pink with phenolphthalein were shaken in a bottle containing 6 litres 
of air at 20° C. and 760 mm. pressure. Twenty cubic centimetres of 
N/60 HCl were required to decolorise the solution. Calculate the 
percentage of carbon dioxide (by volume) in the air. 

(8) Acetylene is an endothermic compound. What does this mean 
and what steps would you take to confimi it experimentally ? 

(9) What is a fiame 7 On what does its luminosity depend 7 Illus- 
trate the structure of a luminous coal-gas fiame, accoimt for its structure 
and indicate the chemical reactions which occur in the various parts of it. 
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Chaptbb XVT 

( 1 ) What are meant by the terras sol and gel ? Illustrate your answer 
by reference to silicic acid. What stops would you take to ascertain 
whether silicic acid had the formula [Si(OH) 4 ]rt, [OSi(OH) 2 ]n or 
[Si02.'rH20]n ? 

(2) Compare and contrast the properties of the halides of the 
elements of Group IV. B. 

(3) For what purposes can stannous compounds be used as reducing 
agents ? How would you find out whether the reaction of an acidified 
solution of stannous chloride with a solution of iodine was complete or 
not ? 

(4) ** Quadrivalent tin is non>metallic, bivalent tin is metallic.** 
Discuss this statement. 

(5) Compare the properties of the oxides of tin and of lead. 

(6) Iron is protected by coating it with tin or with zinc. Discuss the 
merits of the two systems. Cadmium plating is now occasionally used. 
Cadmium is not precipitated by the action of metallic iron on its salts. 
In view of this fact and the position of cadmium in the Periodic table, 
what advantages is cadmium plating likely to present ? 

(7) Explain the method used to cletoct tin in a mixture of its salts 
with those of other metals. Why is stannous sulphide soluble in 
yellow but not in colourless ammonium sulphide ? 

(8) At 200° C. and atmospheric pressure 0-203 gm. of stannic chloride 
vapour occupy 30-2 c.c. Stannic chloride contains 64-4 per cent, of 
chlorine. What is the most probable value for the atomic weight of 
tin as indicated by these figures ? State what facts you assume 
(Cl = 35-46). 

(9) Explaun the construction and principles of the lead accumulator. 


Chapter XVII 

(1) Discuss the economic importance of combined nitrogen. 

(2) How far is it correct to call nitrogen an inert element ? 

(3) What analogies are to be traced between the simplest hydrides of 
nitrogen, phosphorus and oxygen respectively ? In what respect are all 
of them in contrast to methane ? 

(4) What action has ammonia on metallic salts, both solid and in 
solution ? Illustrate your answer by the cases of the chlorides of 
sodium, calcium, magnesium, zinc, iron, copper and silver. 

(5) How may pur© nitric oxide be prepared ? Discuss its structure 
in view of its reactions. What resemblances does it show to carbon 
monoxide ? 

(6) What fimctions has nitric acid in chemical work ? Compare its 
chemical behaviour with that of sulphuric acid. 

(7) What reactions occur when a mixture of nitrogen peroxide with 
an excess of oxygen is brought into intimate contact with cold and hot 
water respectively T 

(8) In what manner will the variation of the volume of nitrogen 
peroxide with changes in temperature and pressure deviate from that 
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indicated by Boyle’s law ? A specimen of the gas shows a vapour 
density, relative to hydrogen at the same temperature, of 36-8, Calcu- 
late the proportion of NO 2 by volume present in the gas. 

(9) How do the products of the reaction of nitric acid with metals and 
other reducing agents depend on (a) the character of the reducing agent, 

(6) the dilution of the acid ? 

(10) The densities relative to hydrogen of certain volatile compounds 
containing nitrogen are as follows : ammonia 8*5, nitrous oxide 22, 
nitric oxide 15, nitrogen 14. Ammonia contains 17*65 per cent, of 
hydrogen. Without assuming any formulae, deduce the atomic weight 
of nitrogen. 

(11) Wliat methods have been used for the synthesis of nitrogen 
compounds from the atmosphere ? 


Chapter XVIII 

(1) Wliat likenesses and dilfcrences are to be seen in the allotropy 
of the elements of Group V. B ? 

(2) Discuss the phenomena which attend the oxidation of phosphorus. 

(3) In what respects do the compounds of phosphorus resemble 
those of nitrogen ? 

(4) What agricultural importance has phosphorus ? Why is it 
necessary to supply phosphorus to the soil ? In what forms is it supplied 
and what are the advantages of the respective forms ? 

(5) Discuss the structure of the molecules of the oxy acids of phos- 
phorus, particularly with reference to their basicity. 

(6) Explain the principle of the method you would employ to detect 
the presence of a minute proportion of arsenic in a food-stuff. 

(7) Explain what happens when antimony sulphide is dissolved in 
yellow ammonium sulphide. 

(8) Freshly precipitated antimony sulphide is dissolved in an excess 
of diluted hydrochloric acid. On dilution of a portion of the solution 
an orange precipitate appears. A part of the solution is boiled for 
some minutes and then diluted. A white precipitate is formed which 
redissolves on addition of more acid. Explain these phenomena. 

(9) Compare the properties of the elements bismuth and lead. How 
would you detect the former in presence of the latter ? 


Chapter XIX 

(1) What methods can bo used to determine the proportion of oxygen 
in a mixture of gases ? How could the proportion of free oxygen in a 
mixture of (a) air and nitrous oxide, (6) oxygen and carbon dioxide be 
determined ? 

(2) Explain the fimction of oxygen in the animal body. How would 
you attempt to discover whether a specimen of arterial blood gave off 
oxygen when subjected to reduced pressure ? 

(3) How are the oxides of the elements classified ? To what category 
are assigned magnesium oxide, lead dioxide, barium dioxide, water, red 
lead ? 
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(4) How is oxygen converted into ozone ? One thousand cubic 
centimetres of ozonised oxygen were sliaken with a weakly acid solution 
of potassium iodide. The solution of iodine so obtained was decolorised 
by 22*7 c.c. of N/IO sodium thiosulphate solution. Calculate the weight 
of ozone in the original gas mixture. 

(5) On what grounds is the formula of ozone taken to be O, ? 


Chapter XX 

(1) In what forms does sulphur exist and which of them are true 
allotropes ? Explain by moans of a diagram the conditions under which 
they are permanently stable. 

(2) How would you prove that a specimen of monoclinic sulphur was 
identical in composition with a specimen of amorphous sulphur ? 

(3) What analogies can be traced between the chemistry of the 
elements oxygen and sulphur ? 

(4) How do the sulphides of the metals react with (i.) water, 
(ii.) acids, (hi.) sulphides of the alkali metals and ammonium ? Explain 
how the above reactions are made the basis of a system of quantitative 
analysis. 

(5) What resemblances and what differences are to be found in the 
chemical behaviour of water and hydrogen sulphide ? 

(6) How may sulphur be converted into sulphuric acid ? What 
weight of the latter could be made from 1 gm. of sulphur ? How would 
you verify your result experimentally ? 

(7) By what substances can sulphur dioxide be converted into 
sulphuric acid ? Which of these methods are of industrial importance 
and why ? 

(8) What grounds have we for believing that sulphurous acid is 
contained in a solution of sulphur dioxide ? What evidence exists as 
to the structure of the molecule of sulphurous acid and the sulphites ? 

(9) Wliat effect has iodine upon the salts of the various acids of 
sulphur and what information as to their structure can be gained 
therefrom ? 

(10) Describe the behaviour of sulphuric acid towards water. When 
is the acid suitable as a drying agent and when imsuitable ? 

(11) How is the reaction between sulphur dioxide and oxygen 
affected by temperature and by catalysts ? How is it utilised 
industrially ? 

(12) Discuss the question as to whether the phenomena which occur 
when sulphuric acid combines with water indicate a chemical change. 


CJhapteb XXI 

(1) How would you convert a specimen of chromic chloride into 
(i.) potassium chromate, (ii.) pota.ssium dichromate, (iii.) chromous 
chloride ? 

(2) In what respects do the chromic salts resemble and differ from 
those of aluminium ? 
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(3) Give examples of the use of chromic acid and its salts as oxidising 
agents and explain any advantages they present over other oxidising 
agents. 

(4) Wliat is chrome alum and why is it so called ? 1*6 gms. of chrome 
alum are fused with caustic soda and some potassium nitrate and the 
resulting solid taken up with water and made acid with dilute sulphuric 
acid. What weight of iodine would be liberated on addition of this 
solution to an excess of potassium iodide ? 

(5) What analogies are to be detected between the chemistry of 
chromium and of sulphur ? 


Chapter XXII 

(1) Compare and contrast the properties of the halogen elements. 
Hydrogen has sometimes been placed at the head of the halogen group. 
How far is this justifiable ? 

( 2) In what ways is fluorine exceptional among the halogen elements ? 

(3) A very pure and dry specimen of chlorine is required for the 
measurement of one of its physical properties. How would you 
prepare it ? 

(4) Discuss the phenomena which attend the combination of the 
halogen elements with hydrogen. 

(5) The halogen elements are useful oxidising agents. Give examples 
of their use and point out their advantages over other oxidising agents 
for the oxidations you describe. 

(6) A solution of hydrogen chloride is prepared by saturating water 
at 0® C. with the gas. What will happen to such a solution when it is 
(i.) heated as long as any further change takes place, (ii.) strongly 
cooled ? 

(7) Explain the conditions under which the reaction of common salt 
and sulphuric acid yields hydrogen chloride. How is it utilised on the 
commercial scale ? 

(8) How are the potassium salts of the oxyacids of chlorine prepared T 
What happens when (a) potassium hypochlorite, (h) potassium chlorate 
are heated ? 

How far do reactions analogous to those described take place with the 
other halogens ? 

(9) What difficulties attend the preparation of pure hydrogen bromide 
and pure hydrogen iodide ? How would you prepare the former gas and 
determine its solubility in water ? 

(10) How are the reactions of iodides with oxidising agents utilised 
in volumetric analysis ? 1-6 gms. of a mixture of potassium chloride and 
potassium chlorate were dissolved in a little water and acidified with 
hydrochloric acid. An excess of potassium iodide solution was added 
and the solution was made up to 500 c.c. Twenty cubic centimetres of 
this reqxiired 21*0 c.c. N/IO sodium thiosulphate to decolorise it. 
Calculate the percentage of potassium chlorate in the mixture. 

(11) How would you prepare a specimen of iodic acid ? How would 
4t react with solutions of (i.) potassium iodide, (ii.) sulphur dioxide ? 
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Chapteh XXIII 

(1) How would you prepare a specimen of pure manganese dioxide 
starting from manganous sulphate 7 How would you convert the 
product into potassium permanganate 7 

(2) How would you test the purity of a specimen of potassium 
permanganate 7 In purifying it by recrystallisation, what precautions 
would have to be taken 7 

(3) A stream of hydrogen sulphide is passed through a neutral 
solution of potassium permanganate. The solution deposits a dark 
brown precipitate, which then becomes pale pink. On addition of acid 
most of the precipitate dissolves, leaving in suspension a white solid, 
which docs not readily settle out. Explain these phenomena. 

(4) 1-5 gms. of a reducing agent wore dissolved to form 100 c.c. of 
solution. Ten c.c. of this solution decolorised 14 c.c. of N/IO potassium 
permanganate. Calculate the oxygon equivalent of the reducing agent. 

(5) Compare the manganates and peimanganates with the chromates 
and dichromatea. 

(6) In what respects is manganese analogous to the halogens on the 
one hand and chromium and iron on the other 7 


Chapter XXIV 

(1) What chemical principles imderly the extraction of iron from its 
ores and its subsequent conversion into steel 7 

(2) Discuss the rusting of iron and the means used to prevent it. 

(3) How may ferrous compounds be converted into ferric compoimds 
and vice verad 7 How have these processes been applied in chemical 
analysis 7 

(4) “ Ferric hydroxide is a weaker base than ferrous hydroxide.” 
Substantiate this statement. 

(5) Ferric oxalate is reduced in presence of light to ferrous oxalate. 
How would you substantiate this statement, investigate the reaction 
and try to discover whether the amount of reduction was proportional 
to the quantity of light absorbed 7 

(6) Why is anhydrous ferric chloride not prepared by heating the 
hydrated salt 7 Describe the usual method for its preparation. 

(7) Describe and explain methods which would enable you to detect 
traces of (i.) iron in common alum, fii.) ferric sulphate in ferrous 
sulphate, (iii.) ferrous chloride in ferric chloride. 

(8) Cobalt is placed between iron and nickel in the Periodic table, 
though the atomic weights indicate the order as iron, nickel, cobalt. 
Why is the former order adopted and how is this departure from the 
usual order justified 7 

(9) What is a * carbonyl ’ 7 How has the formation of such a com- 
poimd been used in the preparation of pure nickel 7 

(10) Discuss the catalytic activity of the metals of Group VIll. 
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Chapteb XXV 

(1) What researches led to the discovery of the group of inert gases ? 
How would you attempt to prepare a specimen of argon, using only the 
apparatus available in an ordinary school laboratory ? 

(2) Explain the chemical inertness of the gases of Group 0. In 
what ways have they been utilised industrially ? 

(3) On what grounds are the inert gases believed to have their 
accepted atomic weights ? 


Chapter XXVI 

(1) What is meant by a radioactive transformation ? What evidence 
can be adduced that uranium is being transformed into other elements T 

(2) What is the ‘ half-period * of a radioactive element ? How is 
this quantity determined experimentally ? 

(3) Discuss the relationship between radioactive changes, the 
structure of the atom, and the Periodic table. 

(4) Describe the transmutations which have been brought about 
by atomic bombardment. 


ANSWERS TO NUMERICAL EXAMPLES 


Chapter IX. — 4. 

5. 

Chapter X. — 3. 

4. 

Chaj^ter XI. — 9. 
Chapter XII.— 6. 


Chapter XIIT. — 2 
Chapter XV.— 7. 


400 c.c. 

4406 cals. 

2300. 

3901. 

53-24 per cent. 
40-09, 

0-1056 gms,/ 
100 c.c, 

8-89 gms. 
0-0247 per cent, 


Chapter XVI. — 8. 
Chapter XVII. — 8. 

10 . 


118-9. 

40-9 per cent. 
14-00. 


Chapter XIX, — 4. 0-0545 gms. 

Chapter XX. — 6. 3-059 gms. 

Chapter XXI. — 4. 1-1434 gms. 
Chapter XXII.— 10. 71-49 per 

cent. 

Chapter XXIII.— 14. 107-14. 
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ATOMIC WEIGHTS 


ATOMIC WEIGHTS, 1937 

Taken by kind permission from the Journal of the Chemical 
Society, June, 1931, with corrections from the same Journal of 
July, 1938. 


Atomic 

number 

Name. 

Sym- 

bol. 

Atomic 

weight. 

Atomic 

number 

Name. 

Sym- 

bol. 

Atomic 

weight. 

1 

Hydrogen 


H 

1 0081 

47 

Silver 

Ag 

107-880 

2 

Helium , 


He 

4003 

48 

Cadmium 

Cd 

112-41 

3 

Lithium 


Li 

6-940 

49 

Indium . 

In 

114-76 

4 

Bervllium 


Be 

9*02 

60 

Tin 

Sn 

118-70 

6 

Boron . 


B 

10-82 

61 

Antimony 

Sb 

121-76 

6 

Carbon . 


C 

1201 

62 

Tellurium 

Te 

127-61 

7 

Nitrogen 


N 

14 008 

53 

Iodine . 

I 

126-92 

8 

Oxygen . 


0 

16-0000 

54 

Xenon . 

Xe 

131-3 

9 

Fluorine. 


F 

19-00 

65 

Csesium . 

Cs 

132-91 

10 

Neon 


Ne 

20-183 

56 

Barium . 

Ba 

137-36 

11 

Sodium . 

• 

Na 

22-997 

67 

Lanthanum 

La 

138-92 

12 

Magnesium 


Mg 

24-32 

58 

Cerium . 

Ce 

140-13 

13 

Aluminium 


Al 

26-97 

59 

Preuseodymium 

Pr 

140-92 

14 

Silicon . 


Si 

28-06 

60 

Neodymium . 

Nd 

144-27 

16 

Phosphorus 


P 

31-02 

61 

Illinium . 

11 

— 

16 

Sulphur . 


S 

32-06 

62 

Samarium 

Sm 

160-43 

17 

Chlorine. 


Cl 

36-4d7 

63 

Europium 

Eu 

152-0 

18 

Argon . 


A 

39-944 

64 

Gadolinium 

Gd 

166-9 

19 

Potassium 


K 

39-096 

66 

Terbium 

Tb 

169-2 

20 

Calcium . 


Ca 

40-08 

66 

Dysprosium . 

i>y 

162-46 

21 

Scandium 


Sc 

46-10 

67 

Holmium 

Ho 

163-5 

22 

Titanium 


Ti 

47-90 

68 

Erbium . • 

Er 

167-2 « 

23 

Vanadium 


V 

50-95 

69 

Thulium 

Tm 

169-4 

24 

Chromium 


Or 

62-01 

70 

Ytterbium 

Yb 

173-04 

26 

Manganese 


Mn 

54-93 

71 

Lutecium 

I^u 

176-0 

26 

Iron 


Fe 

56-84 

72 

1 Hafnium 

Hf 

178-6 

27 

Cobalt , 


Co 

58-94 

73 

Tantalum 

Ta 

180 88 

28 

Nickel • 


Ni 

68-69 

74 

Tungsten 

W 

183-92 

29 

Copper . 


Cu 

63-57 

76 

Rhenium 

Re 

186-31 

30 

Zinc • 


Zn 

66-38 

76 

Osmium . 

Os 

190-2 

31 

Gallium . 


Ga 

69-72 

77 

Iridium . 

Ir 

193-1 

32 

Germanium 


Ge 

72-60 

78 

Platinum • 

Pt 

196-23 

33 

Arsenic . 


As 

74-91 

79 

Gold . 

Au 

197-2 

34 

Selenium 


Se 

78-96 

80 

Mercury 

Hg 

200-61 

35 

Bromine 


Br 

79-916 

81 

Thallium 

Tl 

204-39 

36 

Krypton 


Kr 

83-7 

82 

Lead . » 

Pb 

207-21 

37 

Rubidium 


Rb 

85-48 

83 

Bismuth 

Bi 

209-00 

38 

Strontium 


Sr 

87-63 

84 

Polonium 

Po 



39 

Yttrium. 


Y 

88-92 

86 




40 

Zirconium 


Zr 

91-22 

86 

Radon . 

En 

222 

41 

Niobium 


Nb 

92-91 


(Emanation) . 

(Em) 



(Oolumbium) 


(Cb) 


87 

— 

— 

— 

42 

Molybdenum 


Mo 

95- 95 

88 

Radium . 

Ra 

226-06 

43 

Masurium 


Ma 

— 

89 

Actinium 

Ac 


44 

Ruthenium 


Ku 

101-7 

90 

Thorium 

Th 

232-12 

45 

Rhodium 


Rh 

102-91 

91 

Protoactinium 

Pa 

231 

46 

Palladium 


Pd 

106-7 

92 

Uranium 

U 

238-07 
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Absolote zero, 43 
Accumulator, 477 
Acetaldehyde, 417 
Acetylene, 416 
tetrachloride, 417 
Acetylides, 417 
Acid radical, 188 
Acidity of bases, 203 
Acids, 187 fl. 

alkalis, and salts, 132 
bases and salts, 186 
constitution of, 188 
definition, 186, 188 
electrolysis of, 190 
preparation of, 193, 194 
properties of, 189 
Actinium, 397, 798 
Activated molecules, 244 
Addition, 26 
Additive properties, 132 
Adsorption indicators, 313 
Affinity, chemical, 140 
Agricola, 10 
Air, composition of, 493 
liquefaction, 496 
a mixture, 494 
Alabaster, 339 
Alchemy, 6 
Arabic, 9 

Algaroth, powder of, 680 
Alkali metals, 249 
waste, 261, 337 

Alkaline earth metals, separation, 349 
earths, 318 
Alkalis, 186, 196 

and bases, preparation of, 197 
electrolysis of, 197 
Alpha-particle, 164 
Alpha-rays, 164, 793, 794 
Alum, 382 

ammonium, 393 
csssium, 393 
chrome, 668 
potash, 391 
rubidium, 393 
soda, 392 
Alumina, 382 
Aluminates, 387 
Aluminium, 382 
atomic weight, 386 
bromide, 393 


Aluminium, carbide, 384, 412 
chloride, 393 

detection and estimation, 394 

fluoride, 393 

hydroxide, 387 

manufat^ture, 383 

nitrate, 390 

oxides, 386 

properties, 384 

salts, 384 

silicates, 384, 385 

sulphate, 390 

sulphide, 390 

Aluminothermic processes, 386, 668 
Alums, 391, 647 
false, 647 
Alumstone, 391 
Alunite, 391 

Amalgamation process for silver, 303 
Amalgams, 364 
Amino-group, 617 
Ammines, 780 

constitution of, 782, 783 
Ammonia, 603 
estimation, 612 
formula, 607 

laboratory preparation, 606 
liquid, 609 

oxidation of, 634, 635 
preparation from coal products, 
606 

properties, 609, 610 
structure, 608 
synthesis, 604 
Ammoniacal liquor, 421 
Ammonia-soda process, 261 
Ammonium bicarbonate, 261, 616 
carbamate, 616 
carbonate, 616 
chloride, 613 
chloroplumbate, 486 
cyanate, 440 
dichromate, 664 
hydroxide, 510, 611 
molybdate, 662, 671 
nitrate, 514 
phosphate, 616 
phosphornolybdate, 662 
salts, 612 

stannicliloride, 472 
sulphate, 614 
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Ammonium, sulphide, 516 
tetrachlorferrate, 766 
tetrachlorferrite, 763 
Anatase, 484 
Anglesite, 473 
Anhydrite, 326, 338 
Anode, 128 
Anthracite, 409 
Antimonates, 577 
Antimonites, 677 
Antimony, 674 
allotropy, 576 
chlorides, 699 
detection, 686 
hydride, 576 
manufacture, 575 
pentasulphide, 578 
pentoxide, 677 
properties, 676 
oxides, 677 
oxychloride, 679 
tetroxide, 677 
trioxide, 577 
trisulphido, 578 
Apatite, 336, 545 
Aqua regia, 685 
Aragonite, 333 
Argol, 280 
Argon, 790 
atomic weight, 790 
Aristotle, 6 
Arrhenius, 130 
Arsenic, 666 
allotropy, 666 
atomic weight, 667 
black, 667 
detection, 668 
disulphide, 673 
grey, 567 
hydride, 667 
oxide, 569 
pentasulphide, 674 
pentoxide, 672 
preparation, 666 
salts, 574 
sulphides, 573 
trichloride, 674 
trioxide, forms of, 669 
poisoning by, 67 1 
trisulphide, 674 
yellow, 667 

Arsenious anhydride, 669 
Arsenites, 671 
Arsine, 667 
Asbestos, 320 
Aston, 174 
Astracanite, 101 
Atacamite, 289, 292 
Atom, 47 
structure of, 145 
individual, 1 68 ff. 


Atomic chlorine, 690 
heats, 65 
hydrogen, 221 
number, 163, 165 
ox5^gon, 698 
theory, 36 ff., 39 
weights, 47, 61 ff, 

and combining weights, 62 
and molecular weights, 63 
determination of, 68 ff. 
fimdarnental, 69 
list of, 175, 176 
Atomicity of hydrogen, 48 
Atoms, decomposition of, 179, 802 
size and number of, 159 
Augite, 468 
Auric chloride, 316 
nitrate, 316 
oxide, 316 
sulphate, 316 
Aurous chloride, 316 
nitrate, 316 
oxide, 316 
Autocomplexes, 360 
Autogenous welding, 223 
Autunite, 673 
Avogadro, N., 169 ff. 

Avogadro’s Law, 46 ff. 

Azides, 616 
Azoirnide, 516 
Azotes, 491 
Azurite, 289 


Bacon, Francis, 11 
Baddeleyite, 486 
Barium, 344 
carbonate, 347 
chlorate, 349 
chloride, 348 
chromate, 348 
detection, 349 
estimation, 360 
fluoride, 348 
hydroxide, 345 
nitrate, 347 
oxide, 346 
peroxide, 246, 346 
platinocyanide, 778 
salts, 346 
* sulphate, 348 
sulphide, 347 
Baryta, 345 
Barytes, 344 

Base-exchange process, 233 
Bases and alkalis chemical properties, 
195 ff. 

definition, 186, 194 
Basic carbonates, 436 
slag, 337 
Basicity, 203 
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Battery, Voltaic, 138 
Bauxite, 382 
Beryl, 319 

Beryllium, alumino-silicalc, 319 
atomic weight, 319 
oxide, 320 
galls, 321 

Bessemer converter, 290, 740 
Beta-rays, 164, 794 
Bicarbonates, 435 
Birkoland-Eyde furnace, 632 
Bismuth, 680 
chloride, 683 
dioxide, 582 
hydride, 681 
monoxide, 681 
nitrate, 682 
oxychloride, 683 
pentoxide, 682 
subnitrate, 582 
sulphide, 6S2 
trioxide, 682 

Bismuthyl carbonate, 6S2 
Bisulphites, 629 
Black ash process, 361 
Black, Joseph, 14 
Blast furnace, 736 
electrical, 737 
Bleaching, 247, 689 
I)Owder, 699 A 
Bohr, Niels, 166 IT. 
atom, 166 

Bonocourt surface heaters, 448 
Boracic ointment, 378 
j)Owdor, 378 
Boracite, 376 
Borax, 379 fi, 
beads, 380 
glass, 379 
octahedral, 380 
prismatic, 379 
Bordeaux mixture, 302 
Boric acid, 377, 378 
oxide, 376 
Bornite, 289 
Borofluorides, 382 
Boron, 376 

ainotphous, 376 
atomic weight, 376 
crystalline, 376 
detection of, 382 
hydrides, 381 
nitride, 381 
oxide, 376 
“ phosphate,” 376 
preparation, 376 
sulphide, 381 
trichloride, 382 
trifluoride, 381 
Bort, 401 
Boyle’s Law, 44 


I Boyle, Robert, 12, 20 
I Bragg, 112 
Brass, 293, 366 
Braunite, 722 
Brine, 273 
Bromates, 709 
Brom-carnallitc, 704 
Bromic acid, 709 
Bromides, 708 
Bromine, 704 
chloride, 717 
detection, 708 
estimation, 708 

formula and atomic weight, 706 
hydrate, 705 
manufacture, 704 
oxide, 709 
properties, 706 
purification, 705 
water, 706 
Bronze, 293 
Brookito, 484 
Brown ring test, 540 
Brownian movement, 104 
Buffer salts, 138 
Bunsen burner, 447 
voltameter, 209 

Cadmia, 351, 365, 359 
Cadmicyanides, 361 
Cadmium, 369 
cell, 360 
detection, 361 
nitrate, 360 
salts, 360 
sulphate, 360 
sulphide, 360 
yellow, 360 
Cajsium, 2S7 
Calamine, 361, 357 
Calcite, 106, 326, 333 
Calcium, 326 
acetate, 333 
aluminate, 336 
atomic weight, 328 
bicarbonate, 232, 334 
bisuli)hite, 338 
borate, 333, 377 
carbide, 333 
carbonate, 231, 333 
chloride, 340 
chromate, 339 
cyanamide, 334 
detection and estimation, 340 
fluoride, 339 
hydride, 216, 332 
hydrogen sulpliide, 338 
hypochlorite, 700 
nitrate, 335 
nitride, 335 
oxalate, 333, 341 



818 


INDEX 


Calcium, oxides, 328 
peroxide, 332 
phosphate, 336 
phosphide, 335 
polysulphides, 338 
preparation, 327 
salts, 332 ff. 
silicate, 335 
sulphate, 338 
sulphide, 337 
tetroxide, 332 

Calculations based on atomic weights, 
75 ff. 

Calomel, 370 
Calorie, 28 

Calorimeter, bomb, 29 
Cannizzaro, 46 
Carbon, 400 ff. 
allotropy, 401 
amorphous, 405 
atomic weight, 410 
circulation in nature, 430 
classification in periodic table, 400 
dioxide, 429 

detection and estimation, 434 
preparation, 431 
disulphide, 435 

removal from coal-gas, 421 
fluorides, 436 
hydrides, 411 ff. 
monoxide, 423 ff. 

formula, 426 
occurrence, 403 
oxides, 422 
process, 664 

stability of comjjounds, 400 
suboxide, 423 
tetrachloride, 436 
Carbonado, 403 
Carbonates, 434 
Carbonic acid, 433 
Carbonyl chloride, 429 
sulphide, 436 
Carbonyls, 429, 803 
Carborundum, 463 
Carmine, 387 

Carnallite, 277, 283, 320, 324 
Carnotite, 673 
Caro’s acid, 660 
Carrier compounds, 119 
Cassiterite, 465 
Castnor process, 262 
Castner-Kellner process, 268 
Catalysis, 119 ff., 240 
Catalyst, 119 
Cathode, 128 
Caustic soda, 255 ff. 

Cavendish, 15, 224 
Celestine, 343 
Cell, DanieU, 139 
Leclanch4, 139 


Cement, Portland, 335 

Cementation process for copper, 291 

Cementito, 743 

Cerite, 398 

Cerium, 396, 399 

Cerussite, 473 

Chain reactions, 241, 443 

Chalcedony, 464 

Chalcocite, 289 

Chalcopyrite, 289 

Chalk, 326, 334 

Charcoal, 405, 406 ff. 

animal, 407 
Charles’ Law, 45 
Chemical affinity, 140 

change, mechanism of, 116 
t 5 rpes of, 26 

combination, theory of, 180 ff. 
compounds, 37 
energy, 27 
equilibrium, 122 ff. 
and physical changes, 18 ff., 23 
China clay, 468 
Chloramine, 541 
Chlorates, 701 
Chlorauric acid, 316 
Chloric acid, 701 
Chlorides, detection of, 696 
of metals, 695 
Chlorine, 681 
atomic, 690 

atomic weight of, 73 ff., 686 
bleaching by, 689 
detection, 690 
dioxide, 697 
fluorides, 717 
formula, 685 
heptoxide, 698 
hexoxide, 697 
isotopes, 686 

laboratory preparation, 683 ff. 
liquid, 688 

manufacture by Deacon process, 
683 

by electrolysis, 682 
by Weldon process, 682 
monoxide, 697 
oxidising properties, 689 
oxyacids of, 698 ff. 
peroxide, 697 
properties, 686 
reaction with hydrogen, 687 
tetroxide, 698 
trioxide, 697 
Chlorite, 700 

Chloropentcunminochromic chloride, 
784 

Chloroplatinates, 779 
Chlorosulphonic acid, 624, 652 
Chlorous acid, 700 
Chrome alum, 668 
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Chrome, iron ore, 658 
red, 482 
yellow, 482 

Chromic anhydride, 661 
chloride, 666 
cyanide, 668 
hydroxide, 660 
oxide, 660 
salts, 666 
sulphate, 666 
sulphide, 668 
Chromicyanides, 668 
Chromite, 668 
Chromites, 660 
Chromium, 658 
detection, 668 
dioxide, 660 
estimation, 669 
oxides, 659 
plating, 658 
sesquioxide, 660 
trioxide, 661 
Chromous acetate, 66 1 
chloride, 664 
Chromous oxide, 659 
salts, 666 
sulphate, 665 
Chromyl chloride, 664 
Chrysocolla, 229, 375 
Cinnabar, 361 
Clay, 389, 458 
ball, 390 
china, 389 
common, 390 
Cleavage, 106 
C14voito, 788 
Coal, 408 £E. 

bituminous, 409 
brown, 409 
cannel, 409 
Coal-gas, 418 if. 

manufacture, 418 
Cobalt, 759 
alum, 763 

ammonium sulphate, 763 
atomic weight, 760 
carbonyls, 761 

detection and estimation, 764 
extraction, 769 
glance, 769 

hydroxide, catalytic effect, 120 

hydroxides, 760, 761 

oxides, 760, 761 

peroxide, 761 

properties, 759 

separation from nickel, 764 

silicate, 761 

sulphate, 762 

sulphide, 762 

Cobaltio ammonium sulphate, 
763 


Cobaltio ammonium hydroxide, 761 
oxide, 760 
salts, 763 

Cobalticyanides, 761 
Cobaltinitrites, 762 
Cobalto-cobaltic oxide, 760 
Cobaltocyanides, 761 
Cobaltous carbonate, 761 
chloride, 763 
hydroxide, 760 
nitrite, 762 
oxide, 760 
salts, 761 
sulphate, 762 
Coinage alloy, 294, 767 
Coke, 410 
Colemanite, 375 
Colloidal solutions, 101 

electrical properties, 103 
Columbium, 586 
Combination, 25 
Combining weights, 33 
Combustion, 442 
Common ion elfect, 134 
Complex salts, 100, 780 if. 
Compomids, boiling-points and melt- 
ing-points, 23 

constant composition of, 23 
structure of, 23 
Condy’s fluid, 725 
Conservation of mass, 30, 39 
Constant boiling mixtures, 694 
proportions, law of, 31, 39 
Co-ordinate linkages, 150, 184 
Copper acetates, 300 
aceto-arsonite, 572 
. alloys, 293 
amalgam, 364 
arsenite, 572 
atomic weight, 294 
carbonate, 300 
cementation process for, 291 
chemical proi>erties, 292 
chlorides, 297, 298 
detection, 302 
electrolytic, 291 
history, 289 
isotopes, 294 
manufacture, 289 ff. 
nitrate, 301 
oxides, 294 
peroxide, 296 
physical properties, 291 
pyrites, 289 
refining, 290 
sources of, 289 
sulphate, 301 
Coprolite, 545 

Correction of gas volumes, 45 

Corundum, 382 

Covalent linkages, 149, 182 
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Orietobalite, 466 
Crocoisite, 668 
Cryolite, 383, 393, 677 
Crystals, 106 ff. 
iorms of, 106 
preparation of, 107, 108 
structnro of, 108 ff. 
systems, 106 

X-rays and structure of. 111 If. 
Cupollation, 304 
Ciii)rammonium ion, 206 
sulphate, 207 
Cupric chloride, 299 
hydroxide, 296 
ion, 299 
nitrate, 301 
oxide, 295 
sulphate, 301 
sulj>hide, 301 
Cuprite, 289 
Cupronickel, 767 
Cuprous acotylide, 417 
chloride, 297 
iodide, 298, 716 
ion, 298 
oxide, 294 
salts, 297 
sulphate, 298 
sulphide, 298 
Cyainelide, 440 
Cyan amide, 441 
Cyanic acid, 440 
Cs anido process for silver, 303 
Cyanides, 439 

recovery from coal-gas, 421 
Cyanogen, 437 
Cyanuric acid, 440 


Dalton, 16, 32, 36, 37, 67 
Danioll cell, 139 
Deacon process, 683 
Decomposition, 25 
Deliquescence, 243 
Delta metal, 294 
Democritus, 6 
Density of a gas, 48 

and its rate of effusion, 66 
Desiccator, 92 
Desilverisation of load, 303 
Deuterium, 221 
Do Varda’s alloy, 603 
Dialysis, 466 
Diamond, 402, 403 
Diaphragm cells, 267 
Diaspora, 382 
Diazo -compounds, 630 
Dicalcium orthophosphate, 336 
Diffusion of gases, 53 ff. 

DipJo^en, 221 

Disodium hydrogen phosphate, 269 


Displacement, 26 
Dissociation, 25 
constant, 131 
degree of, 131 
of nitrogen tetroxide, 625 
Distillation, 93 
fractional, 93 
ideal, 178 

under reduced pressure, 246 
Distilled water, 236 
Dithionic acid, 623, 648 
Dobereiner, 160 
Dolomite, 320, 324 
Double bonds, 416 
decomposition, 25, 198 
salts, 100 

Drying agents, 656, 657 
intensive, 240-242 
Dulong and Petit’s Law, 65 
Dumas, composition of water, 226 
Dumas’s method for vajDoiir density 
determination, 62 
Dysprosium, 397 


Efflorhscknce, 243 
Effusion, 66 
Einstein, 31 
Eka-silicon, 158 

Electrochemical series of elements, 
141 ff. 

Eloctrfi lysis, 127 ff. 
of acids, 190 
of alkalis, 196 
Faraday’s laws of, 129 
Electrolytes, 128 ff. 

Electromotive force, 140 ff. 

Electron, 47, 162 
Electroplating, 307, 767 
Eloctrum, 465 
Elements, 20 
Emerald, 319 
Emery, 386 
Enamels, 378 
Energy, chemical, 27 
Epsom salts, 325 
Epsomite, 325 
Equations, 38, 79, 80 
Equivalent, 33 
of an acid, 204 
of a base, 205 
determination of, 36 
Erbium, 307 
Ethylene, 414 
Eudiometer, 228 
Europium, 397 
Eutectic, 99 
Evaporation, 92 

Evaporators, multiple effect, 274 
Excess lime process, 233 
Explosion waves, 444 
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Fahl ore, 289 

Faraday’s laws of electrolysis, 129 
Felspar, 382, 389, 468 
Ferrates, 749 

Ferric ammonium chloride, 766 
chloride, 766 
ferrocyanide, 767 
hydroxide, 748 
colloidal, 749 
Ferric nitrate, 764 
oxide, 748 
salts, 763 
sulphate, 755 
sulphide, 754 
thiocyanate, 754 
Ferricyanides, 440 
Ferrite, 743 
Ferrites, 749 
Ferrochrome, 659 
Ferrocyaiiides, 439 
Ferrosoferric chloride, 753 
oxide, 748 
Ferrotitanium, 484 
Ferrous acid, 749 

ammonium chloride, 753 
sulphate, 762 
carbonate, 761 
chloride, 762 
ferrocyanide, 768 
hydroxide, 747 
nitrate, 761 
oxide, 747 
sulphate, 761 
sulphide, 761 
salts, 749 

Fire extinguishers, 434, 436 
Fireclay, 390 
Firedamp, 411 
Flame, 442 if 

reactions in, 442 ff. 
structure of, 446, 447 
Flash -powder, 321 
Flint, 464 
Fluorates, 681 
Fluorescence, 674 
Fluorides, 681 
Fluorine, 677 

atomic weight, 679 
oxidation by, 679 
oxides, 681 
preparation, 677 
properties, 678 
Fluorite, 339, 677 
Fluorspar, 339, 677 
Formulse, 38 

determination of, 75 
Four-element theory, 6 
Fowler’s solution, 571 
Fractional crystallisation, 95 if. 
Fractionating column, 94 
Franklinite, 351 


Frasch sulphur process, 608 
Freezing mixtures, 99 
Fuel gases, 418 
Fused quartz, 466 
Fusible metals, 681 

Gadolinium, 397 
Galena, 473, 481 
Gallium, 394 
Galvanising, 354 
Gamma-rays, 164, 794 
Garnet, 389 
Garnierito, 766 
Gas densities, 47 if. 

Gas, blast furnace, 418 
coal, 418 if. 
laws, 44 ff . 
natural, 411 
producer, 418, 424 
water, 418 
Gases, nature of, 42 
Gay-Lussac tower, 638 
Gay-Lussac’s Law, 47 
Geber, 9 

Geiger and Nut tail’s rule, 798 
Gels, 104 

German silver, 294, 767 
Germanium, 158, 464 
compounds, 464 
Giant molecules, 1 14 
Glass, etching of, 680 
Glasses, 467, 460 
Glauber, 10 
Glauber’s salt, 271 
Glazes, 378, 462 
Glover tower, 637 
Glucinum v. Beryllium, 319 if. 
Goethite, 749 
Gold, 313 

atomic weight, 316 
colloidal, 315 

detection and estimation, 317 
extraction, 314 
occurrence, 313 
oxides, 316 
refining, 314 
salts, 316 
trichloride, 316 
Graham’s Law, 64 
Gram-atomic weight, 48 
Gram-molecular weight, 48 
Graphite, 401, 404, 405 
Greenockite, 359 
Greensand, 230 
Green vitriol, 751 

Groups of periodic table, 161, 166, 157 
structure of, 171 
properties, I.a, 249 

I. b, 288 

II. a, 318 

Il.b, 361 
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Groups of periodic table — continued 
properties, III., 374 

IV. a, 483 

IV. b, 450, 451 

V. a, 584 

V. b, 643, 583 

VI. a, 658 

VI. b, 666 

VII. a, 720 

VII. b, 676 

VIII. , 733 
Gunpowder, 282 

Guye*s limiting density method, 601 
Gypsum, 325, 338 


Habeb-Bosch process, 505 
Haematite, 736, 748 
Haemoglobin, 698 
Hafnium, 487 
Hair-salt, 390 
Hales, 14 

Halides, stability of, 436 
Halite, 272 
Halogens, 676 ff . 

comparison of properties, 719 
Hardness, temporary, 232 
Hard water, 232 
Hargreaves-Bird Cell, 257 
Hausmannite, 722 
Heat of combustion, 29 
of formation, 30 
of reaction, 28 

of reaction of acids and bases, 133 
Heavy water, 221 
Helides, 789 
Helium, 788 

preparation, 788 
properties, 789 
Helmont, van, 10 
Hempel gas-burette, 602 
Henry’s Law, 91 
Hess’ Law, 27 
Hexathionic acid, 623, 649 
History of chemistry, 4 ff . 
Hoffmann’s method of determining 
vapour densities, 53 
Holmium, 397 
Homogeneity, 21 
Hornblende, 468 
Horn-silver, 309 
Hornstone, 464 
Hydrates, 242 
Hydrazine, 616 
Hydrazoic acid, 616 
Hydriodic acid, 713 
Hydrion, 189 
Hydrobromic acid, 706 
properties, 708 
Hydrocarbons, 411 H. 

Hydrochloric acid, 6S4, 690 


Hydrochloric acid, electrolysis of, 684 
manufacture, 691 
oxidation to chlorine, 684, 686 
properties, 694 

Hydrochlorocuprous acid, 298 
Hydrocyanic acid, 438 
Hydrofluoboric acid, 381 
Hydrofluoric acid, 679 
Hydrofluosilicic acid, 463 
Hydrogen, 207 

adsorption by metals, 218 
atom, structure of, 168, 208 
atomic, 221 
weight of, 69 
bromide, 706 
bromide properties, 708 
chloride, 684, 690 
formula, 48, 49 
manufacture, 691 
preparation, 692 
properties, 693 

detection and estimation, 224 
discovery, 208 
drying of, 211 
fluoride, 679 
forms of, 216 
iodide, 713 
reactions, 714 
ion, catalytic effect of, 121 
isotope, 221 
nascent, 220 
occurrence, 209 
peroxide, 244 ff. 

tests, 248 
persulphides, 622 
place in the periodic table, 207 
preparation andmanuf acture, 209 ff . 
properties, 216 ff. 
puriflcation of, 215 
reactions, 217 ff. 
selonide, 654 
spectrum 217 
sulphide, 616 ff. 

detection 620 
telluride, 656 
uses, 223 
Hydrolith, 216 
Hydrolysis, 26, 137, 239 
Hydronitrites, 528 
Hydrosulphites, 632 
Hydrosulphurous acid, 632 
Hydroxy lamine, 617 
Hypobromites, 709 
Hypochlorous acid, 698 
Hyponitrites, 628 
Hyponitrous acid, 628 
Hypophosphoric acid, 568, 659 
Hypophosphorous acid, 657, 558, 559 
Hyposulphites, 632 
Hyposulphurous acid, 622, 632 
Hypotheses, 3 
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Iceland spar, 334 
Illinium, 397 
Ilmenite, 484 
J ncandescent mantles, 489 
Indium, 394 
atomic weight, 394 
Inert gases, 785 
discovery, 785 

preparation from air, 780-788 
Tnflainmable air, 208 
Infusible white precipitate, 372 
Ink, 762 

Intensive drying, 240-242 
Intemiediate compounds, 121 
Invar, 767 
lodates, 717 
Iodic acid, 716 
Iodides, 716 
Iodine, 709 
atomic weight, 713 
fluorides, 717 
manufacture, 710 
monochloride, 717 
oxidising action, 712 
pentoxide, 716 
phosphate, 718 
physiological action, 713 
properties, 711 
recovery from residues, 711 
tests for, 713 
trichloracetate, 718 
trichloride, 717 
use in analysis, 712 
uses, 713 

Ionic theory of solution, 130 
evidence for, 133 
Ionising solvents, 236, 508 
Ionium, 800 
Iridium, 776 
compounds, 775 

Iron, 733. See also Ferric and 
Ferrous, 
alum, 755 
carbonyls, 758 
cast, 738 

detection and estimation, 758 
disulphide, 754 
extraction, 736 
historical, 734 
hydrides, 747 
occurrence, 736 
ores, 736 
oxides, 747 fC. 
passive, 746 
properties, 743 
pyrites, 764 
rusting, 744 
wrought, 738 
Ironstone, 735 
Isomerism, 26 
Isotopes, 164, 172, 175 


Isotopes, radioactive, 796 
separation, 177, 365 
structure of, 178 


Jabir, 9 
Jargoon, 487 
Jasper, 464 
Jeweller’s rouge, 748 


Kainite, 277, 283, 320 
KaoHn, 389, 458 
Keene’s cement, 339 
Kelp, 710 

Kermes mineral, 678 
Kieselguhr, 454, 456 
Kieserite, 320, 325 
Kinetic theory, 42 
Kjeldahl process, 503 
Krypton, 791 
Kimkel, 13, 351 


Lakes, 387 
Lamp-black, 408 
Landolt, 31 
Lanthanum, 397 
Laughing gas, 5 1 9 
Lavoisier, 16, 31, 588, 689 
Law, Boyle’s, 44 
Charles’, 46 

conservation of mass, 30, "39 
constant proportions, 31, 39 
Dulong and Petit’s, 64 
Graham’s, 54 
Henry’s, 91 
Hess’, 27 

mass action, 118, 123 fl. 
multiple proportions, 32, 39 
periodic, 65 

reciprocal proportions, 33, 40 
van’t Hoff and Lo Chatelier, 126 
Laws, 12, 30 £E. 

Lead, 472 
acetate, 481 
arsenate, 573 
atomic weight, 474 
basic salts, 482 
carbonate, 479 
chloride, 482 
chromate, 482, 664 
detection, 483 
dioxide, 477 
estimation, 483 
hydride, 476 
hydroxide, 479 
io^de, 482 
ion, 479 
isotopes, 475 
manufacture of, 473 
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Load, monoxide, 476 
nitrate, 481 
oxides, 476 
peroxide, 477 
poisoning, 481 
properties, 473 
red, 476 
salts, 479 
sesquioxide, 477 
suboxide, 475 
sulphate, 482 
sulphide, 481 
tetracetato, 483 
tetrachloride, 482 
tree, 473 
uses, 474 
white, 479 
I-*eblanc process, 261 
Leclanch^ cell, 139 
Lepidolite, 250 
Lewis, 182 
Libavius, 10, 471 
Lignite, 409 
Lime, 328 £f. 
kilns, 330 
light, 330, 698 
slaked, 331 
Limestone, 326 
Linde oxygen-column, 496 
Liquids, nature of, 43 
Litharge, 476 
Lithium, 260 
Lithium compounds, 260 
Luminosity of flames, 446, 447 
Lunar caustic, 308 
Lutecium, 397 
Lyophile colloids, 104 
Lyophobe colloids, 104 


Magnbsia, 322, 324 
Magnesite, 320, 324 
Magnesium, 320 

ammonium phosphate, 326 
atomic weight, 322 
bicarbonate, 232 
bromide, 324 
carbonate, 324 
chloride, 324 

detection and estimation, 326 

hydroxide, 322 

nitrate, 326 

nitride, 325 

oxide, 322 

oxychloride, 324 

preparation, 320 

properties, 321 

pyrophosphate, 326 

salts, 323 

sulphate, 325 


Magnetite, 735, 748 
Malachite, 289 
Manganates, 726 
Manganese, 720 
alum, 730 
atomic weight, 721 
detection and estimation, 730 
dioxide, 722 

action of hydrochloric acid 
684, 723 
extraction, 720 
heptoxide, 724 
oxides, 721 
properties, 721 
sesquioxide, 722 
steel, 721 
tetrachloride, 730 
trichloride, 730 
trioxide, 724 
Manganic chloride, 730 
hydroxide, 722 
Manganic sulphate, 730 
Manganites, 724 
Manganous borate, 730 
carbonate, 729 
chloride, 730 
hydroxide, 722 
nitrate, 729 
oxalate, 730 
oxide, 722 
salts, 729 
sulphate, 730 

Mantles, incandescent, 489 
Marble, 326, 334 
Marcasite, 764 
Marsh test, 668 
Martensite, 743 
Mary the Jewess, 8 
Mass and energy, 31 

action, law of, 118, 123 if. 
Mass-spectrograph, 173 
Massicot, 476 
Masurium, 731 
Mayow, 589 
Mean free path, 42 
Meerchaum, 320 
Melaconite, 289 
Mellitic anhydride, 423 
Mendel^off, 160, 158 
Mercuric chloride, 371 
chloroamide, 371, 372 
compounds, 365 
cyanide, 368 
fulminate, 368 
iodide, 372, 716 
nitrate, 369 
oxide, 366 
salts, 366 
sulphate, 370 
sulphide, 361, 369 
thiocyanate, 368 
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Mercurous carbonate, 368 
chloride, 370 
compounds, 365 
nitrate, 368 
oxide, 365 
salts, 367 
sulphate, 370 
Mercury, 361 

atomic weight, 365 
detection of, 373 
extraction, 361 
isotopes, 366 
properties, 363 
purification, 362 
uses, 365 

Mosothorium I., 802 
Metabisulphites, 629 
Metaboric acid, 377, 378 
Metallic ainmines, 780 
Metals, actions on acids, 214 
action on water, 212 
Metaphospliorio acid, 558, 562 
Metasilicic acid, 456 
Methane, 411 
formula of, 412 
Mica, 389, 468 
Millikan, 161 
Minium, 476 
Misch-metall, 399 
Mispickel, 666 

Mixtures and compounds, 21 
Moissan, 402 
Molecular weight, 48 

determination of, by osmotic 
pressure, 58 

by cryoscopic method, 60 
by ebullioscopic method, 69 
of gases, 49, 60 
of hydrogen, 48 

of volatile liquids and solids, 
61 

Molecule, 47 

Molecules, number of, in a volume of 
gas, 169 
shape of, 116 
Molybdates, 671 
Molybdenite, 670 
Molybdenum, 669 
oxides, 670 
salts, 671 
trioxide, 670 
Molybdic acid, 671 
Monazite, 398, 488 
Monel metal, 294, 765 
Monocalcium orthophosphate, 336 
Monoporsulphurio acid, 623, 660 
Monosilane, 464 
Mordants, 387 
Morley, 71 
Mortar, 331 

Multiple proportions, law of, 33, 39 


Nascent hydrogen, 220 
Natural gas, 411, 789 
Nelson electrolytic coll, 257 
Neodymium, 397 

Neon, discovery and preparation, 790 
lamps, 790 

Nesslor’s solution, 367, 373 
Neutralisation, 196 
Neutron, 180 
New lands, 150 
Ni -chrome, 768 
Nickel, 764 
alloys, 767 

ammonium sulphate, 770 
carbonate, 769 
carbonyl, 770 
catalytic power, 766 
chloride, 766 

detection and estimation, 771 
dioxide, 768 
extraction, 765 
ion, 769 

Mond process, 766 
Nickel, monosulphide, 769 
nitrate, 769 
oxides, 768 
plating, 767 
properties, 766 
salts, 768 
sulphate, 770 
uses, 767 

Nickelonickelic oxide, 768 
Nickelous hydroxide, 768 
oxide, 768 
Niton, 791, 801 
Nitrates, 540 
Nitre, 246, 281 
Nitric acid, 630 ff. 

action on metals, 637 
chemical properties, 635 
detection of, 640 
manufacture, 631 
oxidation by, 638 
Nitric oxide, 620 
Nitrifying bacteria, 492 
Nitrites, 630 
Nitro-compoimds, 639 
Nitrogen, 491 
active, 499 
and air, 493 
atomic structure, 491 
weight of, 73 ff., 601 
circulation in Nature, 492 
detection, 602 
estimation, 602 
formula, 601 
history, 491 
hydrides, 603 fl. 
industrial preparation, 406 ft. 
iodide, 610, 641 
occurrence, 491 
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Nitrogen, oxides of, 518 
oxy acids of, 618 
pentoxide, 627 
preparation, 494 ff, 
properties, 499 
sulphide, 642 
tetroxide, 624 

dissociation of, 525 
structure and formula, 626 
trichloride, 541 
trifluorido, 641 
trioxide, NgOg, 623 
trioxide, NO 3, 528 
uses, 500 
Nitrolim, 441 
Nitro-metals, 627 
Nitron, 640 

Nitrosyl-sulphuric acid, 627 
Nitrous acid, 628 
oxide, 618 

Non -polar linkages, 149 
Nordhausen sulphuric acid, 642 
Normal solution, 206 

temperature and pressure, 46 
Noyes, 72 

Nucleus of the atom, 163 

OcHBB, red, 748 
Oil-flotation, 362 
Olefiant gas, 416 
Oleum, 640, 642 
Opal, 464 
Orangite, 488 
Orbits, electronic, 166 £f. 

Oriental topaz, 386 
Orpiment, 666, 673 
Orthoboric acid, 377, 378 
Orthoclase, 277, 389 
Orthohydrogen, 216 
Orthophosphoric acid, 667, 668, 569, 
662 

Orthosilicic acid, 456 
Osmiridium, 772-774 
Osmium, 774 
compoimds, 774 
octaifluoride, 774 
tetroxide, 774 
Osmosis, 66, 67 
Osmotic pressure, 66, 67 
and vapour pressure, 69 
Overvoltage, 221 
Oxides, 699 
acidic, 699 
amphoteric, 600 
basic, 699 
compound, 600 
list of, classified, 601 
neutral, 699 
peroxides, 600 

Oxy-acetylene blowpipe, 698 
Oxycyanogen, 441 


Oxygen and respiration, 696 
atomic, 598 

detection and estimation, 698 
history, 689, 690 
manufacture, 690 
occurrence, 690 
preparation, 690 ff. 
properties, 696 
uses, 698 

Oxymuriutic acid, 682 
Ozone, 601 
detection, 606 
formula, 602 
preparation, 601 
properties, 604, 605 


Pau^dium, 772 

absorption of hydrogen, by, 772 
compomids, 773 
Paracelsus, 10 
Parachor, 229 
Paraffins, 414 
Para-hydrogen, 216 
Parkos’s process for desilvorisation of 
lead, 303 

Passivity, 669, 746 
Pearlash, 280 
Pearlite, 743 

Pcntathionic acid, 623, 649 
Perborates, 381 
Perchloric acid, 703 
Percliromic acid, 248, 666 
Perferrates, 749 
Periodates, 717 
Periodic acid, 717 
law, 65 

table, 150 ff., 164, 167 
and atomic weights, 65 
explanation of, 1 68 £E. 
structure of, 161 
Periods, 151 ff. 

Permanganic acid, 726 
Permutit, 233, 389 
Pemitrates, 640 
Perowskite, 486 
Perrhenates, 731 
Perrin, 169 
Persulphates, 660 
Persulphuric acid, 623, 649 
Pertitanic acid, 486 
Pfefier, 67 

Pharaoh*s serpents, 368 
Phase rule, 96 £^. 

Phlogiston, 13 

Phosphates, detection and estimation, 
662 

Phosphine, 662 
Phosphonium iodide, 664 
Phosphorescent zinc sulphide, 367 
Phosphoric anhydride, 666 
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Phosphorite, 645 
Phosphorous acid, 667, 668, 55b 
oxide, 655 
Phosphorus, 644 
allotropy of, 647 
atomic weight, 651 
black, 647 

chemical propcrt.ies, 649 

circulation of, in Nature, 646 

dihydride, 666 

discovery, 644 

fluorides, 663 

glow of, 649 

manufacture, 646 

occurrence, 646 

oxides of, 566 

oxychloride, 666 

pentabromido, 566 

pentachloride, 664 

pentoxido, 656 

poisoning, 648 

red, 548, 661 

scarlet, 647 

sulphides, 563 

tetroxide, 566 

tribromide, 566 

trichloride, 563 

tn-iodide, 566 

trioxide, 665 

uses, 651 

violet, 647 

Phosphorus, white, 547-550 
Phosphoryl chloride, 566 
fluoride, 663 
Photography, 310 
Photosynthesis by {ilants, 594 
Pitchblende, 673 
Plaster, 331 
of paris, 339 
Platinocyanides, 766 
Platinum, 775 

catalytic power, 777 
extraction, 776 
halides, 779 
oxides, 779 
sulphate, 780 
uses, 778 
Pliny, 2, 6, 19 
Plumbitos, 476 
Polar compounds, 127 
linkages, 140, 180 
Polonium, 801 
Polysulphides, 621 
Polythionic acids, 648 
Pompholyx, 363, 366 
Portland cement, 336 
Positive electron, 180 
Positive-ray parabolas, 66 
Potash, alcoholic, 278 
caustic, 279 

Fotaasium, antimony! tartrate, 579 
f c. 


Potassium, argenticyanide, 308 
atomic weight, 278 
bromide, 284 
carbonate, 280 
chlorate, 702 
decomposition of, 592 
chloride, 283, 284 
chlorochromate, 664 
chromate, 662 
cobaltinitrite, 285, 762 
cyanate, 440 
cyanide, 439 
dichromate, 662 
ferricyanide, 440 
ferrocyanide, 439 
hexachlorplatinate, 286, 286 
hydrogen fluoride, 677, 679 
sulphate, 283 
tartrate, 285 
hydroxide, 279 
iodate, 717 
iodide, 284, 716 
iron alum, 755 
mercuric iodide, 373 
monoxide, 279 
nitrate, 281 
nitrite, 282 
occurrence, 277 
perchlorate, 285, 703, 704 
permanganate, 726-728 
picrate, 285 
poly -iodides, 285 
preparation, 278 
radioactivity, 278 
salts, general properties, 279 
tests for, 285 
silicofluoride, 463 
sulphate, 283 
sulphides, 283 
tetroxide, 279 
thiocyanate, 441 
Pottery, 462 
Praseodymium, 397 
Precipitation, 135 

Pressure, eflect of, on equilibrium, 
126 

Pricite, 375 
Priestley, 14, 689 
Producer-gas, 418, 424 
Protoactinium, 588, 802 
Front’s hypothesis, 174 
Prussian blue, 766 
Psilomelane, 722 
Puddling, 739 
Purple of Cassius, 317 
Putty powder, 469 
Pyritic smelting, 290 
Pyroborio acid, 377, 378 
Pyrolusite, 682, 720, 722 
Pyrophosphorio acid, 558, 562 
Pyrosulphurio acid, 623, 648 

3 B 
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Pyrosulphurous acid, 623 
I^rrosulphuryl chloride, 624, 662 


Ruthenium compounds, 771 
Rutherford, 163, 166 
Rutile, 484 


Quahttum numbers, 168-170 
Quartz, 466 


RabicaIiS, acid and basic, 128 
Radioactive transformations, 794 
period of, 798 
rate of, 797 
table of, 796 
isotopes, 796 
Radioactivity, 164, 793 
historical, 793 
induced, 802 
theories of, 799 

Radio -elements, preparation of, 800 
artificial, 802 
Radium, 801 
emanation, 801 
Radon, 791, 801 
Rare earth elements, 397 

atomic structure, 397 
carbonates, 399 
hydrides. 399 
hydroxides, 399 
nitrates, 399 
oxides, 399 
preparation, 398 
salts, 399 
separation, 398 
sulphates, 399 
sulphides, 399 
uses, 399 

Rate of reaction, 116 ff. 

Rays, alpha, 794 
beta, 794 
gamma, 794 
Realgar, 566, 673 

Reciprocal proportions, law of, 33, 40 
Red lead, 476 
Reduction, catalytic, 766 
Refrigeration, 509 
Refrigerator, 609 
Respiration, 696 
Reverberatory furnace, 473 
Reversible reactions, 122 ff. 
Rhenium, 731 
chloride, 732 
oxides, 732 

Rhodium and compoimds, 772 
Richards, 73 
Rock crystal, 464 
salt, 272 

Root-mean-square velocity, 42 
Rubidium, 286 
Ruby, 382, 386 
sulphur, 666 
Rust, 744 


Satety lamp, 411 
Sal ammoniac, 613 
Salt beds, 273 
lakes, 273 
Saltpetre, 281 
Salts, 132, 187 
acid, 198 

additive properties, 203 
basic, 199 
buffer, 138 
complex, 199 
constitution, 112, 108 
definition, 198 
double, 100, 199 
general properties, 202 
normal, 198 
preparation of, 200 
tjrpes of, 198 
Samarium, 397 
Sapphire, 382, 386 
Scandium, 397 
Scheele, 14 
Scheele*8 green, 672 
Scheelite, 671 
Schlippe’s salt, 679 
I Schoenite, 283 
Science, meaning of, 1 
Selenates, 666 
Selenic acid, 654 
Selenides, 664 
Selenious acid, 664 
Selenium, 653 
dioxide, 664 
hydride, 664 
Serpentine, 320, 458 
Silica, 464 ff . 
gardens, 467 
gel, 466 

Silicate growths, 467 
Silicates, 467 ff. 

Silicic acid, 466 
anhydride, 464 
Silicomesoxalic acid, 457 
Silicomethane, 464 
Silicon, adamantine, 452 
amorphous, 452 
atomic weight, 453 
carbide, 464 
dioxide, 464 
fluoride, 462 
hydrides, 463, 464 
monoxide, 454 
preparation, 462 
properties, 453 
tetrachloride^ 463 
Silioo'oxalio acid, 467 
Silver, 302 
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Silver alloys, 305 
atomic weight of, 73 ff. 
bivalent, 311 
bromide, 310 
carbonate, 308 
chloride, 309 
colloidal, 305 

detection and estimation, 312, 313 
difluoride, 312 
fluoride, 309 

insoluble salts of, 306, 309 
iodide, 310 
ion, 306 

manufacture, 303 
nitrate, 308 
oxide, 306 
peroxide, 306 
properties, 304 
purification, 304 
residues, 311 
sulphate, 308 
sulphide, 309 
Smaltite, 759 
Soap, 232 
Soda, caustic, 255 
lime, 331 
native, 260 
washing, 260 ff. 
water, 433 
Sodamide, 268 
Sodium, amalgam, 364 
amide, 268 

argentioyanide, 303, 309 
arsenate, 572 
arsenite, 572 
atomic weight, 254 
azide, 268 
bicarbonate, 266 
bisulphate, 271 
bromide, 277 
carbonate, 260 ff. 
hydrates, 264 
hydrolysis, of, 266, 266 
manufacture, 261 if. 
native, 260 
properties, 264 
purification, 264 
solubility, 265 
chlorate, 277 
chloride, 272 fl. 
manufacture, 273 
native, 272 
properties, 275 
cyani^, 266 
dichromate, 664 
dihydrogen phosphate, 269 
di'Uranate, 674 
fluoride, 277, 678 
formate, 216 
historical, 262 
hydride, 260 


Sodium hydrogen pyrophosphate, 269 
sulphate, 271 
sulphite, 270 
hydrosulphide, 269 
hydrosulphite, 632 
hydroxide, 255 
manufacture, 256 
preparation, 255 
properties, 258 
hypochlorite, 699 
hyposulphite, 632 
iodide, 277 

magnesium uranyl acetate, 286 
rnanganate, 725 
metabisulphite, 270 
metaborate, 378 
metaphosphate, 269, 804 
monosulphide, 269 
monoxide, 254 
nitrate, 268 
nitrite, 267 
nitro-prusside, 440 
para- tungstate, 673 
perborate, 381 
permutite, 389 
peroxide, 255 
persulphate, 272 
phosphates, 268 
polysulphides, 270 
potassium sulphite, 270 
preparation, 252 
properties, 253 
pyroantimonate, 286 
pyroborato, 378 
pyrophosphate, 269 
pyrosulphite, 270 
salts, general properties, 260 
tests for, 286 
silicate, 457 
stannate, 469 
sulphate, 271 
sulphite, 270 
tetraborate, 379 
thiosulphate, 272, 633 
Soflioni, 377 
Solids, nature of, 43 
Solubility, 86 
curves, 89 

determination of, 87 ff. 
of gases, 88 

of solids and liquids, 87 
product, 135 
Solute, 84 

Solution, ionic theory of, 130 
normal, 206 
of precipitates, 136 
Solutions, 83 ff. 
colloidal, 101 

optical properties, 102 
preparation of, 101 
making of. 92 
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Solutions^ saturated, 86 
Solvay process, 261 
Solvent, 84 
Soot, 408 

Space lattices, 108 fF. 

Spathic iron ore, 736, 748 
Spinthariscope, 799 
Spodumene, 260 
Stahl, 13 

Stainless steel, 659 
Standards of atomic weight, 67 
Standard temperature and pressure, 
46 

Stannic acids, 469 
chloride, 471 
nitrate, 470 
oxide, 468 
sulphide, 470 
Stannous chloride, 470 
nitrate, 470 
oxide, 468 
sulphate, 470 
Steel, 739 ff. 

Bessemer, 740 
cementation, 740 
electrical, 742 
open-hearth, 741 
stainless, 669 
structure, 742, 743 
Stellite, 670 
Stibine, 676 
Stibnite, 676 
Strontianite, 342 
Strontium, 341 
carbonate, 342 
chloride, 343 
chromate, 343 

detection and estimation, 343 
fluoride, 343 
hydroxide, 342 
nitrate, 342 
oxide, 342 
peroxide, 342 
salts, 342 
Bulp^te, 343 
sulphide, 343 
Substances, 19 
Substitution, 26, 413 
Sugar of lead, 481 
Sulphates, acid, 646 
normal, 647 
Sulphides, metallic, 620 
precipitation of, 618 
Sulphites, 629 
Sulphoxylic acia, 622, 631 
Sulphur, 606 if. 

acid, halides of, 624, 650 
allotropy, 609 ft, 
amorphous, 612 
atomic weight, 614 
colloidal, 612 


Sulphur, decafluoride, 653 
(lichloride, 653 
dioxide, 624 

bleaching by, 629 
heptoxide, 631 
hexafluoride, 662 
liquid, 612 
manufacture, 607 £f. 
monobromide, 653 
monochloride, 663 
nionoclinic, 611 
monoxide, 624 
nacreous, 612 
occurrence, 606 
octahedral, 610 
oxides and oxyacids, 622 ff. 

list of, 622 
plastic, 611 
prismatic, 611 
properties, 613, 614 
recovery from alkali waste, 609 
rhombic, 610 
sesquioxide, 624 
tetrachloride, 663 
tetroxide, 631 
trioxide, 630 
uses, 614 
valency, 616 

Sulphuretted hydrogen, 616 ff. 
Sulphuric acid, 623, 634 ff. 
action on metals, 644 
on water, 642-644 
detection, 646 
formula, 641 

manufacture by contact process, 
639 

by load chamber process, 636 
oxidising action, 645 
properties, 641 
Sulphurous acid, 622, 627 ff. 
reducing action of, 628 
anhydride, 624 
Sulphury 1 chloride, 624, 661 
fluoride, 624, 662 
Supercooling, 108 
Superphosphate, 337 
Suspensions, 83 
Sylvine, 277, 283 
Symbols, 37 


Tai^c, 320, 458 
Tantalic acid, 588 
Tantalum, 587 
chlorides, 588 
oxides, 587 
Tartar emetic, 579 
Tautomerism, 26 
Telluric acid, 656 
Tellurides, 656 
Tellurium, 655 
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Tellurium, atomic weight. 655 
dioxide. 656 
halides. 656 
isotopes. 656 
trioxide, 656 
Temperature. 43 

effect of, on chemical equilibrium, 
125 

on rate of reaction. 118 
Terbium, 397 
Tetraboric acid, 377, 379 
Tetrathionic acid, 623, 649 
Thallium, 395 

compounds, 395, 396 
Theories, 3 
Thermite, 385 
Thiocarbonates, 436 
Thiocyanic acid, 441 
Thiocyanogen, 441 
Thionyl chloride, 624, 651 
Thiophosphory fluoride. 563 
Thiostannates. 470 
Thiosulphates, 632 ff. 

Thiosulphuric acid, 623, 632 
Thoria, 488 
Thorite, 488 
Thorium, 488 
dioxide. 488 
nitrate, 489 
sulphate. 489 
tetrachloride, 489 
Thulium, 397 
Time-reactions, 717 
Tin, 465 

allotropy, 466 
amalgam, 364 
atomic weight, 468 
detection of, 472 
estimation of, 472 
hydride, 468 
isotopes, 468 
manufacture, 465 
plates, 467 
properties, 466 
sulphates, 470 
sulphides, 470 
Tincal, 379 
Titanates, 485 
Titanic acid, 485 
Titanium, 484 
detection, 486 
diohloride, 485 
dioxide, 484 
fluoride, 485 
halides, 485 
hydroxide, 485 
oxides, 484 
preparation, 484 
sulphates, 486 
tetrachloride, 485 
trichloride, 485 


Titanium white, 485 
Transition elements, 152, 170 
Transmutation, 179 
Tricalcium orthophosphate, 336 
Tridyrnite, 455 
Trimanganese tetroxide, 722 
Triplumbic tetroxide, 476 
Trithionic acid, 623, 648 
Troostite, 743 
Tungsten, 671 
compounds, 673 
dioxide, 672 
filaments. 672 
trioxide. 673 
Tungstic acid, 673 
Turpeth mineral, 370 

Udells, 710 
Ulexite, 375 
Ultramarine, 459 
Uranatos, 674 
Uranium I., 800 
Uranium II., 800 
Uranium, 673 
oxides, 674 
salts, 674 

Uranous chloride. 674 
sulphate, 674 
Uranyl acetate, 675 
chloride, 675 
compounds, 674 
nitrate, 675 
sulphate, 675 
Urea, 441 

Vacuum desiccator, 92 
Valency, 62, 145 ff., 180 
of the elements, 148 ff. 

Valentine, Basil, 9 
Vanadium, 585 
oxides, 585 
salts, 586 

Vapour density, determination of, 52, 
53 

Verdigris, 300 
Verditer, 300 
Verneuil, 387 

Victor Meyer, method for determin- 
ing molecular weights, 52 
Vitriol, oil of, 634 
blue, 647 
green, 647, 751 
white, 358, 647 

Volhard method for determining 
silver, 313 
Voltaic battery, 138 
Voltameter, Bunsen, 210 
Volumes of gases, correction of, 45 

Wad, 722 
Water, 224 ff. 
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Water, aasooiation of, 229, 236 
catalytic powers, 240 
chemical properties, 237 
composition, 224 
by volume, 227 
by weight, 225 
conductivity, 235 
crystallisation, 242 
decomposition, 237, 238 
dissociation of, 237 
distilled, 235 
electrolysis of, 239 
liard, 232 
heavy, 221 
natural, 230 
occurrence, 229 
physical properties, 236 
purification, 231, 235 
Water-gas, 418, 425 
Weston standard cell, 360 
White arsenic, 669 
lead, 479 
Willemite, 357 
Witherite, 344 
Wolframite, 397, 671 
Wood's metal, 681. 

Xenon, 791 
X-ray spectrum, 165 

Y'ttebbium, 397 
Yttrium, 397 


Zeolite, 233, 389 
Zero, absolute, 43 
Zinc, 351 

action of acids on, 353 
alloys, 366 
atomic weights, 355 
blende, 351 
carbonate, 357 
chloride, 358 

detection and estimation, 359 
extraction, 351 
hydrosulphite, 357 
hydroxide, 366 
oxide, 355 
oxychloride, 358 
peroxide, 356 
properties, 352 
reducing action, 354 
salts, 356 
silicate, 357 
sulphate, 368 
sulphide, 357 
Zincates, 356 
Zircon, 487 
Zirconia, 486 
Zirconium, 486 
dioxide, 486 
hydroxide, 486 
oxysalts, 487 
silicate, 487 
sulphate, 487 
tetrachloride, 480 
Zosimus, 8 
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